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REMARKS 

Claim 1-12, 14, 18, 20, 21, 23, 26, 38-46 and 48-51 are 
pending. No new matter has been added by way of the present 
amendment. For instance, claim 2 6 has been amended to clarify 
that it does not have the same scope as claim 18. Claims 48 and 
4 9 have been amended to reflect that the GFP obtained from the 
organism is the unsubstituted GFP. Lastly, newly added claim 51 
is supported by originally filed claims 18 and 19. Accordingly, 
no new matter has been added. 

In view of the following remarks Applicants respectfully 
request that the Examiner withdraw all rejections and allow the 
currently pending claims. 

Interview of April 29, 2004 

Applicants take this opportunity to thank the Examiner for 
the courtesies extended in granting the Interview held on April 
29, 2004. The Interview was very beneficial to the Applicants. 

Issues under 35 U.S.C. 112, § second paragraph 

The Examiner has rejected claims 18, 20, 21, 23, 26, 38-46, 48 
and 49 under 35 U.S.C. § 112, second paragraph for the reasons 
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recited at pages 2 and 3 of the outstanding Office Action. 
Applicants respectfully traverse these rejections. 

First, the Examiner asserts that the claims, which recite the 
limitations of "Green Fluorescent Protein (GFP) " are unclear. For 



instance, the Examiner asserts that it is unclear as to what 
emission spectrum and source organism the term GFP is meant to be 
limited. However, Applicants submit that there are no indefinite 
issues raised by the term Green Fluorescent Protein (GFP) . This is 
a term well understood in the art. For instance, as understood in 
the art, GFP need not be isolated from only A. victoria, but also 
other sources. Additionally, the term "Green" with respect to GFP 
is not limited to the particular emission spectrum of the color 
green. This is well known in the art. 

To supplement the above arguments, Applicants are providing 
herewith two references for consideration by the Examiner. The 
references are Tsien, Annu. £ev. Biochem. , 67:509-44 (1998) and 
Zhang et al . , Nat. -Rev. Mol. Cell Biol., vol. 3 (12), pp. 906-918 
(December 2002) . Each of these articles explains that GFP exist in 
a variety of organisms. Further, the references explain that 
different GFP molecules have emission spectra covering not only the 
color green, but also yellow, cyan, etc. As such, Applicants submit 
that the term "Green Fluorescent Protein" is a fully definite term 
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having a well understood scope and structure. Reconsideration is 
respectfully requested. 

Second, the Examiner has rejected claim 26, citing that it 
fails to further limit claim 18. Applicants respectfully traverse 
and submit that claim 26 has been amended to clarify this issue. 
Reconsideration is respectfully requested. 

Third, the Examiner has rejected claims 48 and 49, asserting 
that it is unclear whether or not the GFP which is obtained from the 
organism is intended to be the substituted GFP or the GFP from which 
the variant protein is made. Applicants submit that the GFP 
obtained from the organism is the unsubstituted GFP. It is this GFP 
which is then altered to arrive at the presently claimed nucleic 
acid. Reconsideration is respectfully requested. 

Issues under 3 5 U.S.C. 112, § first paragraph 

The Examiner has rejected claims 18, 20, 21, 23, 26, 38-46, 48 
and 49 under 35 U.S.C. § 112, first paragraph for the reasons 
recited at pages 3 and 4 of the outstanding Office Action. 
Applicants respectfully traverse this rejection. 

The Examiner continues to assert that there is insufficient 
description in the specification to support the genus as claimed. 
In particular, the Examiner asserts that sufficient description 
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exists only for the sequences of SEQ ID. No.: 16, 18, 20 and 22. 
Applicants respectfully disagree with the Examiner. 

Applicants submit that the present claims (in particular 
independent claim 18, and claims 20, 21, 23, 26, 38-46, 48 and 49 
which depend thereon) are fully supported by the present 
specification. One of ordinary skill in the art would fully 
understand that Applicants were in possession of the subject matter 
claimed at the time of filing the application. The present claims 
include nucleic acid molecules which encode a modified GFP. GFP is 
well characterized in the art. However, Applicants were the first 
to mutate the amino acid in the position immediately upstream of 
the chromophore (this amino acid is in a position corresponding to 
position 64 of the wild-type GFP) . 

Moreover, as explained above, the structure of GFP is well 
known in the art. Thus, the requirement for a GFP imparts 
structure into the claims, which the Examiner cannot ignore. 
Applicants have defined the location of the mutation as well as 
the nature of the chromophore. Accordingly, Applicants 
respectfully submit that the claims fully satisfy the 
requirements of 35 USC § 112, first paragraph. Reconsideration 
and withdrawal of this rejection are therefore requested. 
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Issues under 35 U.S.C. § 102(a) 

The Examiner has rejected claims 18, 20, 21, 23, 26, 39, 40, 
43-46 and 48 under 35 U.S.C. § 102(a) as being anticipated by Ward 
et al. (WO 95/21191), hereinafter referred to as Ward v 191. 
Applicants respectfully traverse this rejection. 

The present claims require a nucleic acid molecule encoding 
a GFP in which the amino acid immediately upstream of the 
chromophore is substituted with an amino acid selected from Leu, 
lie, Val, Gly, and Ala. The claims also define the chromophore 
as one of SerTyrGly, SerHisGly, ThrHisGly and ThrTyrGly. Based 
upon this claim language alone, there is no anticipation based 
upon Ward '191. 

Ward '191 fails to suggest or disclose the presently 
claimed substitution at a location corresponding to position 64 
of wild- type GFP (the amino acid immediately upstream of the 
chromophore) . A review of Ward x 191 reveals that the amino acid 
located at position 64 of the molecule is Phe. However, it is 
exactly the amino acid at a location corresponding to this Phe 
of Ward x 191, which in the present invention is one of Leu, lie, 
Val, Gly, or Ala (but not Phe) . Further, the Examiner has 
pointed to a location having a sequence of lie, followed by 
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ThrHisGly (residues 229-232) in Ward 1 191. However, this is not 
the location of a chromophore. 

Other discussion of Ward '191 reveals additional 
distinctions. Ward x 191 commences on page 1, line 21 giving an 
introduction to the field of bioluminescence . To generate light 
in a cell, a reaction requiring enzymatic energy takes place. 
The enzyme responsible for this reaction is called lucif erase. 
The substrate of the enzyme is called lucif erin. Whereas 
lucif erase is a protein, encoded by a DNA sequence, lucif erin is 
an organic molecule synthesized through a complex set of 
enzymatic reactions in the cell. Thus, introducing lucif erase 
into another cell may not be sufficient to generate light, as 
lucif erin must also be present. As lucif erin is not easily taken 
up by all cell types (see page 3, lines 25-29), the requirements 
of the presence of both luciferase and luciferin has limited the 
use of bioluminescence. Organisms such as Aequorea victoria 
further contain GFP. In the specific case of Aequorea victoria, 
the luciferin molecule, the substrate of the chemical reaction, 
is called coelenterazine . 
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The disclosure of Ward x 191 (page 8, lines 23-29) relates 
to the fact that by modifying the GFP molecule (S65Y) , the 
protein referred to as pre-coelenterazine is formed within the 
native cellular environment spontaneously forms coelenterazine . 
Now, upon expression of the pre-coelenterazine peptide (the S65Y 
modified GFP) along with lucif erase genes (see page 16, lines 
27-29) , an organism which exhibits bioluminescence is obtained. 
That is, the organism emits light in the dark. By way of 
distinction to the present invention, GFP do not emit light in 
the dark, rather GFP emits light when excited by light. 

In summary, Applicants submit that no anticipation of the 
rejected claims exists based upon Ward x 191. Accordingly, the 
Examiner is respectfully requested to withdraw this rejection 
and allow the currently pending claims. 

Provisional Obviousness -Type Double Patenting 

The Examiner has provisionally rejected claims 1-3, 8, 9, 
10, 11, 12, 18, 20, 21, 26 and 38-46 under the judicially 
created doctrine of obviousness- type double patenting as being 
obvious over claims 10-15, 28-31 and 33 of copending application 
number 09/619,310. The Examiner has also included claims 48-50 



17 



Application No: 09/872,364 

in this provisional rejection. Applicants respectfully traverse 
this provisional rejection. 

Applicants note that neither the present application nor 
copending application no. 09/619,310 have been allowed. As 
such, Applicants draw the Examiner's attention to MPEP §804 I-B 
wherein it is explained that if the "provisional" double 
patenting rejection in one application is the only rejection 
remaining in that application, the Examiner should then withdraw 
that rejection and permit the application to issue as a patent, 
thereby converting the "provisional" double patenting rejection, 
which has presumably been presented in the other application, 
into an actual double patenting rejection at the time the first 
application issues as a patent. 

Allowable Subject Matter 

The Examiner has indicated that claims 4-7, 14 and 50 are 
objected to as being dependent upon a rejected base claim, but 
would be allowable if rewritten into independent format, including 
all of the limitations of the base claim and any intervening 
claims. Applicants submit that all currently pending claims are 
allowable. Accordingly, the Examiner is respectfully requested to 
withdraw all rejections and allow the currently pending claims. 
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If the Examiner has any questions or comments, please contact 
Craig A. McRobbie, (Registration No. 42,874) at the offices of 
Birch, Stewart, Kolasch & Birch, LLP. 

If necessary, the Commissioner is hereby authorized in this, 
concurrent, and future replies, to charge payment or credit any 
overpayment to Deposit Account No. 02-244 8 for any additional fees 
required under 37 C.F.R. § 1.16 or under 37 C.F.R. § 1.17; 
particularly, extension of time fees. 



Respectfully submitted, 



BIRCH, STEWART, KOLASCH & BIRCH, LLP 




Leonard R. Svensson, #3 0,33 0 



LRS / CAM : bmp 
3759-0107P 



P.O. Box 74 7 

Falls Church, VA 22040-0747 
(703) 205-8000 



Attachments: (1) Tsien, Annu. Rev. Biochem. , 67:509-44 (1998); and 
(2) Zhang et al . , Nat. Rev. Mol. Cell Biol., vol. 3 
(12) , pp. 906-918 (December 2002) . 
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Abstract 

In just three years, the green fluorescent protein (GFP) from the jellyfish Aequorea 
victoria has vaulted from obscurity to become one of the most widely studied 
and exploited proteins in biochemistry and cell biology. Its amazing ability to 
generate a highly visible, efficiently emitting internal fluorophore is both intrin- 
sically fascinating and tremendously valuable. High-resolution crystal structures 
of GFP offer unprecedented opportunities to understand and manipulate the rela- 
tion between protein structure and spectroscopic function. GFP has become well 
established as a marker of gene expression and protein targeting in intact cells 
and organisms. Mutagenesis and engineering of GFP into chimeric proteins are 
opening new vistas in physiological indicators, biosensors, and photochemical 
memories. 
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NATURAL AND SCIENTIFIC HISTORY OF GFP 

Discovery and Major Milestones 

Green Fluorescent Protein was discovered by Shimomura et al (1) as a compan- 
ion protein to aequorin, the famous chemiluminescent protein from Aequorea 
jellyfish. In a footnote to their account of aequorin purification, they noted 
that "a protein giving solutions that look slightly greenish in sunlight through 
only yellowish under tungsten lights, and exhibiting a very bright, greenish 
fluorescence in the ultraviolet of a Mineralite, has also been isolated from 
squeezates." This description of the appearance of GFP solutions is still ac- 
curate. The same group (2) soon published the emission spectrum of GFP, 
which peaked at 508 nm, They noted that the green bioluminescence of living 
Aequorea tissue also peaked near this wavelength, whereas the chemilumines- 
cence of pure aequorin was blue and peaked near 470 nm, which was close 
to one of the excitation peaks of GFP. Therefore the GFP converted the blue 
emission of aequorin to the green glow of the intact cells and animals. Morin 
& Hastings (3) found the same color shift in the related coelenterates Obelia 
(a hydroid) and Renilla (a sea pansy) and were the first to suggest radiation- 
less energy transfer as the mechanism for exciting coelenterate GFPs in vivo. 
Morise et al (4) purified and crystallized GFP, measured its absorbance spectrum 
and fluorescence quantum yield, and showed that aequorin could efficiently 
transfer its luminescence energy to GFP when the two were coadsorbed onto a 
cationic support. Prendergast & Mann (5) obtained the first clear estimate for the 
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monomer molecular weight. Shimomura (6) proteolyzed denatured GFP, ana- 
lyzed the peptide that retained visible absorbance, and correctly proposed that 
the chromophore is a 4-(p-hydroxybenzylidene)imidazolidin-5-one attached to 
the peptide backbone through the 1- and 2-positions of the ring. 

Aequorea and Renilla GFPs were later shown to have the same chromophore 
(7); and the pH sensitivity, aggregation tendency (8), and renaturation (9) of 
Aequorea GFP were characterized. But the crucial breakthroughs came with 
the cloning of the gene by Prasher et al (10) and the demonstrations by Chalfie 
et al (1 1) and Inouye & Tsuji (12) that expression of the gene in other organisms 
creates fluorescence. Therefore the gene contains all the information necessary 
for the posttranslational synthesis of the chromophore, and no jellyfish-specific 
enzymes are needed. 

Occurrence, Relation to Bioluminescence, 
and Comparison with Other Fluorescent Proteins 
Green fluorescent proteins exist in a variety of coelenterates, both hydrozoa such 
as Aequorea, Obelia, and Phialidium, and anthozoa such as Renilla (3, 13). In 
this review, GFP refers to the Aequorea protein except where another genus 
name is specifically indicated. These GFPs seem to be partners with chemi- 
luminescent proteins and to control the color of the emission in vivo. Despite 
interesting speculations, it remains unclear why these coelenterates glow, why 
green emission should be ecologically so superior to the blue of the primary 
emitters, and why the animals synthesize a separate GFP rather than mutate the 
chemiluminescent protein to shift its wavelengths. Other than Aequorea GFP, 
only Renilla GFP has been biochemically well characterized (14). Despite the 
apparent identity of the core chromophore in Renilla and Aequorea GFP, Re- 
nilla GFP has a much higher extinction coefficient, resistance to pH-induced 
conformational changes and denaturation, and tendency to dimerize (7). 

Unfortunately, Aequorea GFP genes are the only GFP genes that have been 
cloned. Several other bioluminescent species also have emission-shifting ac- 
cessory proteins, but so far the chromophores all seem to be external cofac- 
tors such as lumazines (15) or flavins (16), which diminish their attractive- 
ness as biotechnological tags and probes. Likewise phycobiliproteins (17) and 
peridinin-chlorophyll-a protein (18), which are highly fluprescent and attrac- 
tively long-wavelength accessory pigments in photosynthesis, use tetrapyrrole 
cofactors as their pigments. Correct insertion of the cofactors into the apopro- 
teins has not been demonstrated in foreign organisms, so these proteins are 
not ready to compete with Aequorea GFP. A variety of marine organisms fluo- 
resce, but the biochemistry of the fluorophores is almost completely unknown. 
Painstaking research like that undertaken by the pioneers of Aequorea and 
Renilla GFP would be needed before cloning efforts could begin. It is unclear 
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whether any investigators or granting agencies are still patient enough to un- 
dertake and fund such long-term groundwork. 

PRIMARY, SECONDARY, TERTIARY, 
AND QUATERNARY STRUCTURE 

Primary Sequence from Cloning 

The sequence of wild-type Aequorea GFP (10) is given in Figure 1. Sequences 
of at least four other isoforms are known (19), though none of the mutations seem 
to be in positions known to influence protein behavior. Most cDNA constructs 
derived from the original sequence contain the innocuous mutation Q80R, prob- 
ably resulting from a PGR error (11). Also, the gene has been resynthesized 
with altered codons and improved translational initiation sequences (see section 
on "Promoters, Codon Usage, and Splicing"). 

The chromophore is a p-hydroxybenzylideneimidazolinone (10, 20) formed 
from residues 65-67, which are Ser-Tyr-Gly in the native protein. Figure 2 
shows the currently accepted mechanism (21-23) for chromophore forma- 
tion. First, GFP folds into a nearly native conformation, then the imidazoli- 
none is formed by nucleophilic attack of the amide of Gly67 on the carbonyl 
of residue 65, followed by dehydration. Finally, molecular oxygen dehydro- 
genates the a-ft bond of residue 66 to put its aromatic group into conjugation 
with the imidazolinone. Only at this stage does the chromophore acquire vis- 
ible absorbance and fluorescence. This mechanism is based on the following 
arguments: (a) Atmospheric oxygen is required for fluorescence to develop 
(21,24). (b) Fluorescence of anaerobically preformed GFP develops with a 
simple exponential time course after air is readmitted (21, 25), which is essen- 
tially unaffected by the concentration of the GFP, itself or of cellular cofactors. 
(c) Analogous imidazolinones autoxidize spontaneously (26). (d) The proposed 



Figure J GFP sequences. (Line 1) The wild-type (WT) gfpW gene as originally cloned and 
sequenced by Prasher et al (10). (Line 2) A popular humanized version (EGFP, Clontech Labora- 
tories, Palo Alto, CA) (64) incorporating (a) an optimal sequence for translational initiation (66), 
including insertion of a new codon GTG; (b) mutation of Phe64 to Leu to improve folding at 37°C; 
(c) mutation of Ser65 to Thr to promote chromophore ionization; and (d) mutation of His231 to 
Leu, which was probably inadvertent and neutral. (Line 3) WT amino acid sequence. (Lines 4 
and 5) Numbering of amino acids and differences between EGFP and WT. The inserted Val is 
numbered la to maintain correspondence with the WT numbering. Note that constructs derived 
from the natural gfpWcDNA contain an apparently neutral mutation Gln80 ->> Arg (Q80R) caused 
by a PCR error that changed the CAG codon to CGG (1 1). In some genes artificially resynthesized 
with different codons, this error was corrected (e.g. 63 and Clontech's EGFP) but was left as an 
arginine codon in other instances (40, 62). 
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His 


Met 


Val 


Leu 












205 










210 










215 










220 




CTT 


GAG 


TTT 


GTA 


ACA 


OCT 


GCT 


GGG 


ATT 


ACA 


CAT 


GGC 


ATG 


GAT 


GAA 


CTA 


TAC 


AAA 


TAA 


TAA 


720 


CTG 


GAG 


TTC 


GTG 


ACC 


GCC 


GCC 


GGG 


ATC 


ACT 


CTC 


GGC 


ATG 


GAC 


GAG 


CTG 


TAC 


AAG 


TAA 






Leu 


Glu 


Phe 


Val 


Thr 


Ala 


Ala 


Gly 


He 


Thr 


His 


Gly 


Met 


Asp 


Clu 


Leu 


Tyr 


Lys 


Stop 












225 










230 


Leu 








235 
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Fi^tt/ie 2 Mechanism proposed by Cubitt et al (22) for the intramolecular biosynthesis of the GFP 
chromophore, with rate constants estimated for the Ser65 Thr mutant by Reid & Flynn (23) and 
Heimetal(25). 



cyclization is isosteric with the known tendency for Asn-Gly sequences to cy- 
clize to imides (27). Glycine is by far the best nucleophile in such cyclizations 
because of its minimal steric hindrance, and Gly67 is conserved in all known 
mutants of GFP that retain fluorescence, (e) Electrospray mass spectra indi- 
cate that anaerobically preformed GFP loses only 1 ± 4 Da upon exposure 
to air, consistent with the predicted loss of two hydrogens (22). This implies 
that the dehydration (—18 Da) must already have occurred anaerobically and 
must precede oxidation. (/) Reid & Flynn (23) have extensively characterized 
the kinetics of in vitro refolding of GFP from bacterial inclusion bodies with 
no chromophore, urea-denatured protein with a mature chromophore, and de- 
natured protein with a chromophore reduced by dithionite. Renaturation was 
measured by development of fluorescence and resistance to trypsin attack. Their 
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results support the sequential mechanism and provide the rate constants shown 
in Figure 2. However, many other aspects of the maturation mechanism re- 
main obscure, such as the steric and catalytic roles of neighboring residues, the 
means by which mutations can improve folding efficiency, and the dependence 
of oxidation rate on the oxygen concentration and the protein sequence. 

One predicted consequence of oxidation by O2 is that hydrogen peroxide, 
H2O2, is presumably released in 1:1 stoichiometry with mature GFR This 
byproduct might explain occasions when high-level expression of GFP can 
be deleterious. Perhaps catalase could be useful in such cases. Some difficult 
GFPs seem to express most readily when targeted to peroxisomes and mitochon- 
dria (28; R Rizzuto, T Pozzan, personal communication). Is it a coincidence 
that these organelles are the best at coping with reactive oxygen species? 

Crystal Structures; Tolerance of Truncations 

Although GFP was first crystallized in 1974 (4) and diffraction patterns re- 
ported in 1988 (29), the structure was first solved in 1996 independently by 
OrmS et al (30), Protein Data Bank accession number 1EMA, and by Yang et al 
(31), accession number 1 GFL. Both groups relied primarily on multiple anoma- 
lous dispersion of selenomethionine groups to obtain phasing information from 
recombinant protein. Subsequent structures of other crystal forms and mutants 
(32-34a) have been solved by molecular replacement from the 1EMA coordi- 
nates. GFP is an 1 1-stranded ^-barrel threaded by an a-helix running up the 
axis of the cylinder (Figure 3). The chromophore is attached to the a-helix and 
is buried almost perfectly in the center of the cylinder, which has been called a 
0-can (31, 34a). Almost all the primary sequence is used to build the ^-barrel 
and axial helix, so that there are no obvious places where one could design large 
deletions and reduce the size of the protein by a significant fraction. Residues 
1 and 230-238 were too disordered to be resolved; these regions correspond 
closely to the maximal known amino- and carboxyl-terminal deletions that still 
permit fluorescence to develop (35). A surprising number of polar groups and 
structured water molecules are buried adjacent to the chromophore (Figure 4). 
Particularly important are Gln69, Arg96, His 148, Thr203, Ser205, and Glu222. 

Dimerization 

The excitation spectrum of wild-type GFP changes its shape as a function of 
protein concentration, implying some form of aggregation (8). The spectro- 
scopic effects of such aggregation are discussed in the section on "Absorbance 
and Fluorescence Properties." In the Yang et al structure for wild-type GFP 
(31), the GFP is dimeric. The dimer interface includes hydrophobic residues 
Ala206, Leu221, and Phe 223 as well as hydrophilic contacts involving Tyr39, 
Glul42, Asn 144, Serl47, Asnl49, Tyrl51, Argl68, Asnl70, Glul72, Tyr200, 
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Figure 4 Amino acid side chains, main chain carbonyls and amides, and solvent waters in the 
immediate vicinity of the chromophore of S65T GFP (30). Side chains are labeled with the one- 
letter code for the amino acid and the residue number. Main chain groups are labeled with the 
residue number. Water oxygens are denoted by W and the corresponding serial number within 
Protein Data Bank structure 1EMA. Probable hydrogen bonds are shown as dotted lines labeled 
with the distance between the heteroatoms in angstroms. Obviously the true three-dimensional 
relationships cannot be depicted accurately in this two-dimensional schematic. Figure courtesy of 
SJ Remington, University of Oregon. 



Ser202, Gln204, and Ser208. However, the same wild-type GFP could also 
crystallize as a monomer (32), isomorphous to the monomelic crystals formed 
by the S65T mutant (30). Even though GFP can hardly be more concentrated 
than in a crystal, the formation of dimers seems to be highly dependent on 
crystal growth conditions rather than an obligatory feature of GFP (33). The 
dissociation constant for the homodimer has been estimated as 100 /xM (34a). 
By contrast, Renilla GFP is an obligate dimer, which is dissociated only under 
denaturating conditions (14). 
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ABSORB ANCE AND FLUORESCENCE PROPERTIES 
Classification ofGFPs 

The currently known GFP variants may be divided into seven classes based on 
the distinctive component of their chromophores: class 1 , wild-type mixture of 
neutral phenol and anionic phenolate; class 2, phenolate anion; class 3, neutral 
phenol; class 4, phenolate anion with stacked * -electron system; class 5, indole; 
class 6, imidazole; and class 7, phenyl Each class has a distinct set of excitation 
and emission wavelengths (Table 1). Classes 1-4 are derived from polypeptides 
with Tyr at position 66, whereas classes 5-7 result from Trp, His, and Phe at 
that position. Structures of the resulting chromophores are shown in Figure 5, 
together with typical fluorescence spectra. 

WILD-TYPE MIXTURE OF NEUTRAL PHENOL AND ANIONIC PHENOLATE (CLASS 1) 
The wild-type Aequorea protein has the most complex spectra of all the GFPs. 
It has a major excitation peak at 395 nm that is about three times higher in 
amplitude than a minor peak at 475 nm, In normal solution, excitation at 
395 nm gives emission peaking at 508 nm, whereas excitation at 475 nm 
gives a maximum at 503 nm (21). The fact that the emission maximum de- 
pends on the excitation wavelength indicates that the population includes at 
least two chemically distinct species, which do not fully equilibrate within the 
lifetime of the excited state. At pH 10-1 1, when the protein is on the verge 
of unfolding, increasing pH increases the amplitude of the 475-nm absorbance 
or excitation peak at the expense of the 395-nm peak (8). The simplest in- 
terpretation is that the 475-rim peak arises from GFP molecules containining 
deprotonated or anionic chromophores, whereas the 395-nm peak represents 
GFPs containing protonated or neutral chromophores (2 1 , 22). The latter would 
be expected to deprotonate in the excited state, because phenols almost always 
become much more acidic in their excited states. Light-induced ionization to 
the anion would explain why excitation of the neutral chromophores gives 
emission at greater than 500 nm, similar to but not quite identical to the di- 
rect excitation of anionic chromophores. Picosecond spectroscopy gives direct 
evidence for such excited-state proton transfer (36). After a flash at 395 nm, 
the emission shifts from a 460- to a 508-nm peak over about 10 ps. These 
kinetics can be slowed greatly by cooling to 77°K and increasing viscosity, 
or by deuterium substitution, which argue strongly for excited-state proton 
transfer. 

During most light absorption/emission cycles, the proton transfer eventually 
reverses. However, occasionally the proton does not return to the chromophore, 
so the neutral chromophore is photoisomerized to the anionic form. Thus on 
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Table 1 Spectral characteristics of the major classes of green fluorescent proteins (GFPs) 



Mutation* 


Common 
name 


W(O b 




kci. n. 
@ 37°C 


References 


Class 1, wild-type 












None or Q80R 


Wild type 


395-397 (25-30) 


504 (0.79) 


6 


43.45 






470-475 (9.5-14) 








F99S,M153T,V163A 


Cycle 3 


397(30) 


506(0.79) 


100 


43,45 




475(6.5-8.5) 








Class 2, phenolate anion 












S65T 




489 (52-58) 


509-511(0.64) 


12 


43-45 


F64L, S65T 


EGFP 


488(55-57) 


507-509(0.60) 


20 


43-45 


F64L, S65T, V163A 




488(42) 


511(0.58) 


54 


44 


S65T,S72A,N149K, 


Emerald 


487(57.5) 


509 (0.68) 


100 


44 


M153T, H67T 












Class 3, neutral phenol 












S202F.T203I 


H9 


399 (20) 


511 (0.60) 


13 


44 


T203I, S72A, Y145F 


H9-40 


399 (29) 


511 (0.64) 


100 


44 


Class 4, phenolate anion with stacked jt -electron system (yellow fluorescent proteins) 






S65G, S72A, T203F 




512(65.5) 


522 (0.70) 


6 


44 


S65G, S72A, T203H 




508 (48.5) 


518(0.78) 


12 


44 


S65G, V68L.Q69K 


10CQ69K 


516(62) 


529(0.71) 


50 


44 


S72A, T203Y 












S65G,V68L,S72A,T203Y 


IOC 


514(83.4) 


527 (0.61) 


58 


44 


S65G, S72A, K79R, 


Topaz 


514(94.5) 


527 (0.60) 


100 


44 


T203Y 












Class 5, indole in chromophobe (cyan fluorescent proteins) 








Y66W 




436 


485 




21 


Y66W,N146I,M153T, 


W7 


434(23.9) 


476 (0.42) 


61 


44 


V163A 




452 


505 






F64L, S65T, Y66W, 


WlBor 


434(32.5) 


476 (0.4) 


80 


44 


N146I,M153T,V163A 


ECFP 


452 


505 






S65A, Y66W, S72A, 


W1C 


435 (21.2) 


495 (0.39) 


100 


44 


N146I,M153T, V163A 












Class 6, imidazole in chromophore (blue fluorescent proteins) 








Y66H 


BFP 


384(21) 


448 (0.24) 


18 


44 


Y66H, Y145F 


P4^3 


382 (22.3) 


446(0.3) 


52 


44 


F64L, Y66H, Y145F 


EBFP 


380-383 (26.3-31) 


440-447 


100 


43,44 








(0.17-0.26) 






Class 7, phenyl in chromophore 












Y66F 




360 


442 




22 



"Substitutions from the primary sequence of GFP (see Figure 1) are given as the single-letter code for the amino 
acid being replaced, its numerical position in the sequence, and the single-letter code for the replacement. Note 
that many valuable mutants have been left out of this table for reasons of brevity and because quantitative spectral 
and brightness data were not available; therefore omission does not imply denigration. Phenotypically neutral 
substitutions such as Q80R, H231L, and insertion of residue la (see Figure 1) have also been omitted. 

^ot,- is the peak of the excitation spectrum in units of nanometers. £ in parentheses is the absorbance extinction 
coefficient in units of 1 0 3 M~ 1 cm~ 1 . Estimates of extinction coefficients have tended to increase as expression and 
purification are optimized; obsolete older values have been omitted. Two numbers separated by a dash indicate a 
range of estimates from different authors working under slightly different conditions. Two numbers on separate 
lines indicate two distinct peaks in the excitation spectrum. 

c A ^ is the peak of the emission spectrum in units of nanometers. Q Y in parentheses is the fluorescence quantum 
yield, which is dimensionless. The best figure of merit for the overall brightness of properly matured GFPs is the 
product of f and QY. See footnote b for explanation of pairs of values. 

Relative fluorescence intensities for proteins expressed in Escherichia coli at 37°C from the same vector 
background under similar conditions. These numbers include not only the intrinsic brightnesses measured by 
€ • QY but also the folding efficiencies at 37° C. They are only rough estimates, which will change under different 
expression conditions. They have been arbitrarily normalized to 100 for the brightest member of each class and 
cannot be used to compare different classes. 

References only for the quantitative spectral and brightness data. References to the origin and use of the 
mutants have been omitted for lack of space. 
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intense UV illumination, the 395-nm absorbance and excitation peak of the 
neutral form gradually declines and the 470-nm peak of the chromophore anion 
increases (22, 36, 37). Before illumination, wild- type GFP contains about a 6: 1 
ratio of neutral-to-anionic forms, but with enough UV the percentage of anionic 
form can increase several-fold. The probable mechanism (32, 33) is that proton 
transfer occurs via the hydrogen bonds of a buried water and Ser205 to Glu222. 
Meanwhile the side chain of Thr203 rotates to solvate and stabilize the phenolate 
oxyanion. In the crystal structure of monomelic wild-type GFP, Thr203 exists 
in two conformations: approximately 85% with the OH facing away from the 
phenol oxygen, and 15% with the OH rotated toward it (32). This proportion 
agrees well with the spectroscopic estimate for the ratio of neutral to anionic 
chromophores at equilibrium (36). 

Wild-type GFP folds fairly efficiently when expressed at or below room 
temperature, but its folding efficiency declines steeply at higher temperatures. 
Presumably this natural temperature sensitivity is of no consequence to the 
jellyfish, which would never encounter warm water in the Pacific Northwest. 
Temperature sensitivity is restricted to the folding process. GFP that has 
matured properly at low temperature is stable and fluorescent at temperatures 
up to at least 65°C. The poor ability of GFP to mature in warm tempera- 
tures has been used in pulse-chase experiments in which the fate of fluores- 
cent protein made at low temperatures is followed after restoration of normal 
warmth and simultaneous suppression of new fluorescence (38, 39). However, 
for other applications it would be desirable to have a GFP that works well at 
37°C. 

The most extensive attempt to develop such a mutant while preserving the 
complex wild-type spectrum utilized DNA shuffling (40), a technique for re- 
combining various mutations while creating new ones. This approach produced 
a triple mutant, F99S, M153T, V163A, which improved 37°C-folding, reduced 
aggregation at high concentrations, and increased the diffusibility of the protein 
inside cells (37). The latter two mutations had already been found by more 
conventional mutagenesis procedures (41,42). Such folding mutations do not 



Figure 5 Fluorescence excitation and emission spectra (solid and dashed lines, respectively) for 
typical members of the six major classes of GFP mutants, together with the chromophore structures 
believed to be responsible for the spectra. Spectra have been normalized to a maximum amplitude 
of 1 . For comparison of absolute brightnesses, see the extinction coefficients and quantum yields 
in Table 1 . When only one structure is drawn, both excitation and emission spectra arise from the 
same state of chromophore protonation. The actual GFPs depicted are (a) wild-type, (b) Emerald, 
(c) H9-40, (d) Topaz, (e) W1B, and (/) P4-3. The detailed substitutions within each of these 
variants are listed in Table 1 . 
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increase the intrinsic brightness of properly matured GFP molecules. Such 
brightness is measured by the product of extinction coefficient and fluorescence 
quantum yield (Table 1). The folding mutations merely increase the percentage 
of molecules that mature properly under adverse conditions, such as 37°C and 
high GFP concentrations that promote aggregation (33, 43-45). Although the 
folding mutations are highly valuable and should be incorporated routinely into 
new constructs, they produce less dramatic or no improvements at lower tem- 
peratures and levels of expression. Also the increments in brightness achieved 
by compounding such mutations will be limited by the obvious fact that folding 
cannot exceed 100% efficiency. 

The coexistence of neutral and anion chromophores giving two excitation 
peaks in the wild- type spectrum has a few advantages and many disadvantages 
for cell biological applications. If the GFP fluorescence is to be detected by the 
naked eye, UV excitation is convenient (40) because UV is inherently invisible. 
However, because intense UV can damage the eye, an external excitation- 
blocking filter would be advisable even for visual inspection. Also, scattering, 
autofluorescence, and the possibility of tissue damage are more severe with UV 
excitation. Excitation at the 470-nm peak would reduce these problems but is 
inefficient because only 15% of the protein has the anionic chromophore that 
absorbs there. The photoisomerization is a major hindrance to quantitation of 
images, but it also permits the diffusion or trafficking of GFP-labeled proteins 
to be monitored by locally irradiating a cell with a point or stripe of intense 
UV and then imaging the subsequent fate of the photoisomerized protein with 
470-nm excitation (37). 

PHENOLATE ANION IN CHROMOPHORE (CLASS 2) GFPs with phenolate anions 
in the chromophore have become the most widely used class for routine cell 
biological use because they were the first group to combine high brightness with 
simple excitation and emission spectra peaking at wavelengths very similar to 
fluorescein, the most popular small-molecule fluorophore. The most commonly 
used mutation to cause ionization of the phenol of the chromophore is a replace- 
ment of Ser65 by Thr, or S65T (25), though several other aliphatic residues such 
as Gly, Ala, Cys, and Leu have roughly similar effects (25,46,47). The triple 
mutation F64M, S65G, Q69L, found by random mutagenesis around the chro- 
mophore, has achieved considerable popularity under the name RSGFP4 (46). 
In both S65T and RSGFP4, the wild-type 395-nm excitation peak due to the 
neutral phenol is suppressed, and the 470- to 475-nm peak due to the anion is 
enhanced five- to sixfold in amplitude and shifted to 489-490 nm (25, 46, 48). 
The oxidation to the mature fluorophore was about fourfold faster in S65T 
than in the wild type (25). Like wild-type GFP, S65T folds fairly efficiendy 
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when expressed at room temperature or below but tends to misfold and pro- 
duce mostly nonfluorescent aggregates at higher temperatures. Because of the 
obvious interest in expression at 37°C, much effort has been devoted to finding 
additional mutations that give greater brightness at warmer temperatures. The 
most often used of these have been F64L (47) and VI 63 A (42), though other 
mutations such as S72A, N149K, M153T, and I167T (33) (Table 1) can also 
be helpful alone or in combination. As with GFPs of wild-type spectra, such 
mutations improve only folding efficiency, not the brightness of properly folded 
molecules. 

The probable mechanism by which replacement of Ser65 promotes chro- 
mophore ionization (30, 32) is that only Ser65 can donate a hydrogen bond to 
the buried side chain of Glu222 to allow ionization of that carboxyiate, which 
is within 3.7 A of the chromophore. Gly, Ala, and Leu cannot donate hydrogen 
bonds, and Thr and Cys are too large to adopt the correct conformation in the 
crowded interior of the protein. Such residues at position 65 force the carboxyl 
of Glu222 to remain neutral. The other polar groups solvating the chromophore 
are then sufficient to promote its ionization to an anion, whereas if Glu222 is 
an anion, electrostatic repulsion forbids the chromophore from becoming an 
anion as well. This hypothesis explains why mutation of Glu222 to Gly gives 
the same spectral shape and wavelengths (49) as Ser65 mutations. However, 
practical applications of E222G have not been reported. 

neutral phenol in chromophore (CLASS 3) Ionization of the chromophore 
cannot only be favored but be repressed. Mutation of Thr203 to He (21,49) 
largely suppresses the 475-nm excitation peak, leaving only the shorter wave- 
length peak at 399 nm. Presumably a chromophore anion cannot be adequately 
solvated once the OH of Thr203 is gone, so the chromophore is neutral in 
almost all the ground-state molecules. However, the emission is still at 511 
nm because the excited state remains acidic enough to eject a proton. This 
mutant and its folding-optimized descendants (Table 1) could be valuable alter- 
natives for UV-excited green fluorescence without the complicated photochem- 
istry of wild-type (class 1) GFPs. Because they lack an excitation maximum 
near 479-490 nm, they could be used in conjunction with the phenolate anion 
(class 2) GFPs for double-labeling. Images taken with the two different exci- 
tation bands near 400 and 480 nm but the same greater-than-500-nm emission 
would be compared. Even though the spectral contrast between the two GFPs 
would not be as great as when both excitation and emission wavelengths are 
varied, the use of two excitation wavelengths fits the many imaging systems 
designed for excitation-ratioing indicators and avoids any image registration 
problems created by alternating emission filters. The neutral phenol GFPs also 
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have the largest gap in wavelengths between excitation and emission peaks of 
any of the GFPs. This large Stokes* shift could be advantageous in supporting 
laser action, where it is important that the dye should have as litde absorbance 
as possible at the wavelengths of fluorescence and lasing. 

PHENOLATE ANION WITH STACKED tt-ELECTRON SYSTEM (CLASS 4) The 

longest wavelengths currently available by mutation result from stacking an 
aromatic ring next to the phenolate anion of the chromophore. So far the aro- 
matic ring has always come from the side chain of residue 203, and residue 
65 is Gly or Thr instead of Ser, to promote ionization of the chromophore. 
All four aromatic residues at that position 203 (His, Trp, Phe, and Tyr) in- 
crease the excitation and emission wavelengths by up to 20 ran, with the shifts 
increasing in the stated order (30). These mutants were rationally designed 
from the crystal structure of S65T GFP in the expectation that the additional 
polarizability around the chromophore and jt-tt interaction would reduce the 
excited state energy, that is, increase both the excitation and emission wave- 
lengths. The mutants would have been nearly impossible to find by random 
mutagenesis, because all three bases in the original codon (ACA) encoding 
Thr203 would have to be replaced to encode an aromatic amino acid, and any 
random mutation rate high enough to give a significant probability of changing 
three bases in one codon would mutate so many other residues as to kill the 
protein. 

The actual crystal structure of a mutant containing Tyr203 has verified that 
its aromatic ring stacks next to the chromophore (RM Wachter, GT Hanson, 
AB Cubitt, K Kallio, RY Tsien, SJ Remington, manuscript in preparation). 
Mutation of Gln69 to Lys (Q69K) gives an additional shift of about 1-2 ran, 
resulting in an emission peak around 529 nm, the longest now known (Table 1). 
Although 529 nm itself is rather greenish, the tail at longer wavelengths is 
sufficient to give the fluorescence an overall yellowish appearance, which is 
clearly distinguishable by eye from the more greenish emission of GFP classes 
1-3. Therefore class 4 GFPs have been called YFPs for yellowish fluorescent 
proteins (50), though this name has also been used for a fluorescent protein from 
Vibrio fischeri (16). The so-called Bio Yellow variety marketed by Pharmingen 
(51) is identical to RSGEP4 (46), a class 2 GFP with emission maximum at 
505 nm, the same as the wild type. 

INDOLE IN CHROMOPHORE DERIVED FROM Y66W (CLASS 5) Substitution of 
Trp for iyr66 produces a new chromophore with an indole instead of a phenol 
or phenolate (21). Excitation and emission wavelengths are 436 and 476 nm, 
intermediate between neutral phenol and anionic phenolate chromophores. The 
increased bulk of the indole requires many additional mutations to restore 
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reasonable brightness (41), but when such mutations are provided, the over- 
all performance is fairly good (Table 1). These proteins are called cyan fluo- 
rescent proteins, or CFPs, because of their blue-green or cyan emission. One 
curious and so far unexplained feature (Figure 5) is that most have double- 
humped rather than conventional single excitation and emission peaks. The 
origin of the doubled emission peaks must be vibrational levels or other quan- 
tum states that equilibrate within the lifetime of the excited state, because 
their shapes and relative amplitudes are the same regardless of the excitation 
wavelength. 

IMIDAZOLE IN CHROMOPHORE DERIVED FROM Y66H (CLASS 6) Substitution of 
His for Tyr 66 puts an imidazole in the chromophore (21) and shifts the wave- 
lengths yet shorter than Trp66. The excitation and emission peaks are around 
383 and 447 nm (Table 1), so the emission is blue. A convenient abbreviation is 
therefore BFP, although other blue fluorescent proteins [e.g. spent aequorin and 
lumazine-containing proteins from Photobacterium phosphoreum (15)] have 
previously shared the same acronym. Crystal structures for several BFPs have 
been solved (33, 34). As usual, these proteins benefit considerably from fold* 
ing mutations (33, 41). BFP and a UV-excitable GFP permit double-labeling of 
cellular structures with two emission colors arising from a common excitation 
wavelength near 390 nm (28). However, even with folding improvements BFP 
still suffers from a relatively low fluorescence quantum yield and relatively 
easy bleaching (28). A functional dye laser has been constructed with purified 
BFP as the gain medium, but the duration of lasing at 450 nm is limited by 
protein bleaching (SJ Remington, D Alavi, M Raymer, RY Tsien, manuscript 
in preparation). 

PHENYL IN CHROMOPHORE DERIVED FROM Y66F (CLASS 7) The very shortest 

wavelengths are obtained with Phe at 66 (22). This mutant has been little in- 
vestigated because no obvious practical use for proteins requiring such short 
wavelength excitation has been proposed. Nevertheless it proves that any aro- 
matic residue at position 66 can form a chromophore. 

General Relation of Structure to Spectra 

The denatured wild-type protein absorbs maximally at 384 nm at neutral or 
acidic pH and at 448 nm at alkaline pH, with a pK a of 8.1 (7). This rough 
similarity to the absorbance and excitation maxima of the intact protein was 
a primary motivation for assigning the 395- and 470-nm excitation peaks of 
the latter to the neutral and anionic chromophores. Denatured GFPs or small 
proteolytic fragments carrying the chromophore are essentially totally nonfluo- 
rescent, presumably because the chromophore is unprotected from quench- 
ing by jostling water dipoles, paramagnetic oxygen molecules, or cis-trans 
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isomerization (7, 52). The slight difference in absorbance wavelengths between 
denatured and intact proteins is not unreasonable for the structured environment 
of the latter. In particular, Arg96 puts a positively charged guanidinium quite 
close to the carbonyl group of the imidazolinone. This cation would electro- 
statically stabilize increased electron-density on the carbonyl oxygen in the 
chromophore's excited state. This electrostatic attraction would explain much 
of the red shift of intact protein relative to denatured protein. Indeed, mutation 
of Arg96 to Cys in S65T blue-shifts the excitation maximum from 489 to 472 
nm and the emission maximum from 51 1 to 503 nm (R Ranganathan, personal 
communication), supporting a major role for Arg96 in lowering the energy of the 
excited state. Theoretical calculations of the energy levels of the chromophore 
in vacuo have led to the proposal that the imidazolinone-ring nitrogen adjacent 
to the hydroxybenzylidene must be protonated (53). However, the large effects 
on the chromophore of buried water molecules and the microenvironment sup- 
plied by the protein (52) would seem to provide a chemically more plausible 
explanation. 

Two-Photon Excitation 

One of the most promising new techniques in high-resolution fluorescence mi- 
croscopy is two-photon excitation (54), in which two infrared photons hit a 
fluorophore within a few femtoseconds of each other and sum their energy to 
simulate a single photon of half the wavelength, that is, ultraviolet to blue. Such 
coincidence of infrared photons requires extremely high fluxes and therefore 
occurs to a significant extent only at the focus of a microscope objective of high 
numerical aperture, illuminated by a pulsed laser. Because other regions of the 
specimen are effectively not excited, they neither emit fluorescence nor are sub- 
ject to photobleaching or photodynamic damage. As in confocal microscopy, 
the image is built up by scanning the focus point in a raster, but unlike confo- 
cal microscopy, out-of-focus planes are protected from bleaching, which is a 
tremendous advantage for two-photon excitation. 

GFPs are quite good fluorophores for two-photon excitation. Wild-type GFP 
is readily excited with 780- to 800-nm pulses (43, 54-56), which are in the 
optimal output range for commercial mode-locked titanium-sapphire lasers. 
However, the photoisomerization proceeds just as with 390- to 400-nm single- 
photon excitation (55). Class 3 (neutral phenol) GFP mutants have not been 
tried but should be better because they disfavor photoisomerization. S65T, the 
prototypic class 2 GFP mutant, is optimally excited near 910 nm and has a 
slightly higher two-photon cross-section than the wild type (54). Two-photon 
excitation is also effective on class 6 (imidazole) blue mutants (43) as well 
as class 5 (indole) cyan mutants (H Fujisaki, G Fan, A Miyawaki, RY Tsien, 
unpublished observations). 
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Effects of pH 

As noted above, wild-type GFP at high pH (11-12) loses absorbance and ex- 
citation amplitude at 395 nm and gains amplitude at 470 nm (8, 57). Such pH 
values, though mechanistically revealing, are almost never encountered in bi- 
ology. Wild-type GFP is also quenched by acidic pH values with an apparent 
pIQ near 4.5. Several of the mutants with enhanced spectral properties at pH 
7 are actually more acid sensitive than is the wild type; thus EGFP is 50% 
quenched at pH 5.5 (43). pl^s as high as 6.8 are found in some of the class 
4 mutants with Thr203 replaced by an aromatic residue (J Llopis, RY Tsien, 
manuscript in preparation; R Wachter, SJ Remington, personal communica- 
tion). The mechanistic explanation for these relatively high pKaS is not entirely 
clear. Loss of the Thr203 hydroxyl would indeed be expected to destabilize the 
phenolate form of the chromophore. However, the effect of acid is to quench the 
fluorescence altogether rather than simply shift it toward the short wavelengths 
expected of a protonated chromophore. The sensitivity of some GFPs to mildly 
acidic pH values carries both advantages and disadvantages. Such GFPs could 
be quenched to a major extent in acidic organelles such as lysosomes, endo- 
somes, and Golgi compartments. The pH sensitivity of some GFPs can also be 
put to good use to measure organellar pH (J Llopis, RY Tsien, manuscript in 
preparation; R Wachter, S J Remington, personal communication) by targeting 
appropriate GFPs to those locations. 

Effects of Temperature and Protein Concentrations 
Higher GFP concentrations amplify the main excitation peak at 395 nm at the 
expense of the subsidiary peak at 470 nm (8). Because the 395- and 470-nm 
peaks are believed to result from neutral and anionic fluorophores, respectively, 
aggregation probably inhibits ionization of the fluorophores. Increasing temper- 
ature from 15 to 65°C modestly decreases the 395-nm and increases the 470-nm 
excitation peak of mature wild-type GFP. Yet higher temperatures cause denat- 
uration, with 50% of fluorescence lost at 78°C (8). As already mentioned, much 
more modest temperature increases from 20 to 37°C can profoundly decrease 
maturation efficiency of GFPs lacking mutations to improve folding. 

Effects of Prior Illumination 

GFPs have a variety of remarkable abilities to undergo photochemical trans- 
formations, which enables visualization of the diffusion or trafficking of GFP- 
tagged proteins. A defined zone within a cell or tissue is momentarily exposed 
to very bright illumination, which initiates the photochemistry. The subsequent 
fate of the photoconverted protein is imaged over time. At least four distinct 
types of semipermanent photochemical transformation have been reported from 
one or more GFPs: (a) simple irreversible photobleaching, (b) conversion from 
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a 395- to 475-nm excitation maximum, (c) loss of 488-nm-excited fluorescence, 
reversible by illumination at 406 nm, and (d) generation of rhodamine-like or- 
ange or red fluorescence upon illumination at 488 nm under strictly anaerobic 
conditions (58). 

irreversible PHOTOBLEACHING Photobleaching is the simplest and most 
universal behavior of fluorophores. Most GFPs are relatively resistant to pho- 
tobleaching (22,59), perhaps because the fluorophore is well shielded from 
chemical reactants such as 0 2 . The bleach rate of the prototypic class 2 GFP, 
the S65T mutant, was reported to be relatively indifferent to equilibration with 
0-100% oxygen or addition of quenchers of triplet states, singlet oxygen, and 
radicals (59). Nevertheless, with sufficient laser power, photobleaching is easily 
observed and exploited for measurements of fluorescence recovery (37, 59, 60). 
The class 6 mutants (BFPs) are generally more photosensitive than classes 1-5 
(28). Cell-permeant antioxidants may be helpful in protecting such GFPs from 
bleaching. An example is Trolox, 6-hydroxy-2,5,7,8-tetramethylchroman-2- 
carboxylic acid, a water-soluble vitam jn E analog commercially available from 
Aldrich Chemical Co., Milwaukee, WI. 

SHIFTING TO A LONGER-WAVELENGTH EXCITATION PEAK This behavior is 

characteristic of wild-type and other class 1 GFPs (11,22,36). As discussed 
previously, the mechanism is probably a light-driven proton transfer from the 
neutral chromophore to the carboxylate of GIu222, yielding an anionic chn>- 
mophore and a protonated Glu222 (32). This UV-induced enhancement of the 
blue excitation peak has been exploited to measure lateral diffusion of GFP- 
togged proteins (37). Because the proton transfer is mediated by Thr203 and 
Ser205, mutation of those residues might be a promising way to enhance this 
photochromic effect. Indeed, UV irradiation of the double mutant T203S, 
S205T increases the amplitude of its long- wavelength excitation peak 11.8- 
fold, whereas wild-type GFP under the same conditions increases by at most 
3.6-fold (R Heim, RY Tsien, unpublished information). 

REVERSIBLE LOSS OF LONGER- WAVELENGTH EXCITATION PEAK; SINGLE MOLE- 
CULE detection The opposite behavior, a shift from a longer to a shorter 
excitation wavelength, seems to occur in class 4 mutants. Upon intense laser 
illumination and observation of the fluorescence from single molecules immobi- 
lized in a polyacrylamide gel, such mutants both blink reversibly on a time scale 
of seconds and switch the fluorescence off over tens of seconds (61). However, 
the apparent bleaching can be reversed by illumination at short wavelengths 
such as 406 nm. Probably the chromophore, which is normally mosdy anionic, 
can eventually be driven into a protonated state with an excitation maximum 
near 405 nm, whereupon it appears nonfluorescent and bleached to the probe 
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laser at 488 nm. However, excitation of the protonated state then restores the 
normal anionic state. Such cycling can be repeated many times with apparently 
no fatigue, so that it potentially represents a basis for an optical memory at the 
single molecule level. It might also be particularly advantageous for multiple 
determinations of diffusion or trafficking on the same region of interest. 

ANAEROBIC PHOTOCONVERSION TO A RED FLUORESCENT SPECIES A variety 
of GFPs, including wild-type, S65T, and EGFP, undergo a remarkable photo- 
conversion to a red fluorescent species under rigorously anaerobic conditions, 
for example, in microorganisms that have exhausted the oxygen in the medium, 
or in the presence of oxygen scavengers such as glucose plus glucose oxidase 
and catalase (58). The nature of this species emitting at 600 nm remains to be 
clarified. This effect has been used to measure the diffiisibility of GFP in live 
bacteria. One complication is that the red emission develops with an exponential 
time constant of about 0.7 s after the illuminating flash (58). 

EXPRESSION, FORMATION, MATURATION, 
RENATURATION, AND OBSERVATION 

Promoters, Codon Usage, and Splicing 

The expression level and detectability of GFP depend on many factors, the most 
important of which are summarized in Table 2. Obviously the more copies of 
the gene and the stronger the promoters/enhancers driving its transcription, the 
more protein that will be made per cell. In plants, it has been important to alter 
the original codon usage to eliminate a cryptic splice site (62). Codons have 
also been altered to conform to those preferred in mammalian systems (63, 64) 
and in the pathogenic yeast Candida albicans (65). Some authors have found 
such codon alterations to improve expression levels in mammalian systems 
(44,63,64), whereas others have found little improvement (43). Because the 
mammalianized genes are now widely available and may well be beneficial, they 
might as well be incorporated into all new GFP constructs for use in vertebrates. 
Our impression is that mammalian codons do not hurt expression levels in 
bacteria. Yet another improvement for mammalian systems is the inclusion 
of an optimal ribosome-binding site, also known as a Kozak sequence for 
translational initiation (66). Such a sequence requires insertion of an additional 
codon immediately after the starting methionine, as shown in Figure 1. The 
additional valine or alanine (40) does not seem to interfere with protein function; 
we prefer to number it la so that the numbering of the subsequent amino acids 
continues to correspond with the wild-type numbering. GFP can be expressed 
with reasonable efficiency in a cell-free in vitro translation system (67), a finding 
that confirms the protein can fold autonomously. 
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Table 2 Factors affecting the detectability of green fluorescent protein (GFP) 

Total amount of GFP (picked out by antibodies, or by position on gel if GFP is abundant enough) 
Number of copies of gene, duration of expression 
Strength of transcriptional pro motors and enhancers 
Efficiency of translation including Kozak sequence and codon usage 
Absence of mRNA splicing, protein degradation and export 

Efficiency of posttranslational fluorophore formation 
Solubility vs. formation of inclusion bodies 
Availability of chaperones 

Hindrance to folding because of unfortunate fusions to host proteins 

Time, temperature, availability of 0 2 , and intrinsic rate of cyclization/oxidation 

Molecular properties of mature GFP 
Wavelengths of excitation and emission 
Extinction coefficient and fluorescence quantum yield 
Susceptibility to photoisomerization/bleaching 
Dimerization 

Competition with noise and background signals 
Autofluorescence of cells or culture media at preferred wavelengths 
Location of GFP, diffuse vs. confined to small subregions of cells or tissues 
Quality of excitation and emission filters and dichroic mirrors 
Sensitivity, noise, and dark current of photodetector 



Folding Mutations and Thermotolerance 

As mentioned previously, several mutations improve the ability of GFP to fold 
at temperatures above those to which the jellyfish would have been exposed. 
Most of them replace bulky residues with smaller ones. Their scattered locations 
throughout the three-dimensional structure of the mature protein (Figure 6) 
give little hint as to why they should help folding and maturation. Of course, 
the X-ray structures are all determined on well-folded mature proteins. At 
the stage when the mutations are needed, the protein is presumably less well 
ordered. As an alternative to mutating the GFP, the presence of chaperones 
can also help GFP fold (68). Aside from the potential technical importance 
of providing chaperones, this finding makes GFP a useful substrate for testing 
chaperone function (69), since GFP provides a continuous nondestructive assay 
for successful folding. 

Requirement for 0 2 

The requirement for O2 to dehydrogenate the a ,0 bond of residue 66 (2 1 , 23 , 24) 
means that GFP probably cannot become fluorescent in obligate anaerobes. So 
far this is the only fundamental limitation on the range of systems in which GFP 
can be expressed. Once GFP is matured, 0 2 has no further effect (59). The 
oxidation seems to be the slowest step (Figure 2) in the maturation of GFP (23), 



GREEN FLUORESCENT PROTEIN 531 




Figure 6 Location on the GFP crystal structure (30) of the most important sites that improve 
folding at 37°C. The amino acids shown in space-filling representation are the wild-type residues 
that are replaced by the mutations listed. 
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so it imposes the ultimate limit on the ability of GFP fluorescence to monitor 
rapid changes in gene expression. Considering its importance, surprisingly lit- 
tle work has been done on how to accelerate this oxidation. The dependence of 
rate on oxygen pressure has not been characterized, so it is unknown whether 
p0 2 higher than ordinary atmospheric would speed up the reaction. The mutant 
S65T has been reported to oxidize with an exponential time constant of 0.5 h, 
4 times faster than the 2 h for wild-type protein under parallel conditions (25). 
Strong reductants such as dithionite can decolorize mature GFP (24, 52), prob- 
ably by rehydrogenating the chromophore. Such reduction may also require 
that the GFP become denatured to allow access to the buried chromophore (23). 

Histology in Fixed Tissues 

Although the prime advantage of GFP is its ability to generate fluorescence in 
live tissue, its fluorescence does survive glutaraldehyde and formaldehyde fix- 
atives (11). Occasional problems in maintaining fluorescence during fixation 
may result from uncontrolled acidity of the fixative solution or the use of exces- 
sive organic solvents, which denature the protein and destroy the fluorescence 
(7). 

PASSIVE APPLICATIONS OF GFP 

Cell biological applications of GFP may be divided into uses as a tag or as an 
indicator. In tagging applications, the great majority to date, GFP fluorescence 
merely reflects levels of gene expression or subcellular localizations caused 
by targeting domains or host proteins to which GFP is fused. As an indicator, 
GFP fluorescence can also be modulated posttranslationally by its chemical 
environment and protein-protein interactions. 

Reporter Gene, Cell Marker 

The first proposed application of GFP was to detect gene expression in vivo 
(11), especially in the nematode Caenorhabditis elegans, whose cuticle hinders 
access of the substrates required for detecting other reporter genes. GFP was 
particularly successful at confirming the pattern of expression of the mec-7 
promoter, which drives the formation of ^-tubulin in a limited number of 
mechanosensory neurons. GFP's independence from enzymatic substrates is 
likewise particularly promising in intact transgenic embryos and animals (70- 
76) and for monitoring the effectiveness of gene transfer (48, 77, 78). However, 
GFP seems to need rather strong promoters to drive sufficient expression for 
detection, especially in mammalian cells. Most published examples, even those 
using brightened GFPs with mutations to promote folding at 37°C, have used 
constitutive promoters from viruses such as cytomegalovirus (CMV), SV40, 
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or HIV long terminal repeat (79), or strong exogenous regulators such as the 
tetracycline transactivator system (80,81), rather than native genetic response 
elements modulated by endogenous signals. 

The somewhat disappointing sensitivity of GFP as a so-called gene-tag is 
probably an inherent result of its lack of amplification. GFP is not an enzyme that 
catalytically processes an indefinite number of substrate molecules. Instead, 
each GFP molecule produces at most one fluorophore. It has been estimated 
that 1 fjM well-folded wild-type GFP molecules are required to equal the 
endogenous autofluorescence of a typical mammalian cell (55), that is, to double 
the fluorescence over background. Mutant GFPs with improved extinction 
coefficients might improve this detection limit six- to tenfold (43) (see also 
Table 1), but 0.1 fjM GFP is still approximately 10 5 copies per typical cell 
of 1-2 pL volume. This estimate already assumes perfect GFP maturation; 
imperfect or incomplete maturation would raise the threshold copy number 
even further. The ultimate sensitivity limit is set not by instrumentation but by 
cellular autofluorescence. 

If cytosolic GFP is inadequately sensitive as a reporter gene, two alterna- 
tives should be considered. If the gene product can be detected by microscopic 
imaging with subcellular resolution, then targeting the GFP to a defined sub- 
compartment of the cell can greatly reduce the number of molecules required. 
The GFP becomes highly concentrated, and the surrounding unlabeled region 
of the cell provides an internal reference for the autofluorescence background, 
which is usually diffuse in each cell. It is far easier to see local contrast within 
a cell than to quantitate a cell's average fluorescence relative to unlabeled stan- 
dards. Thus as few as 300-3000 GFPs packed into a centrosome are readily 
visible as a green dot inside a cell (82). However, compartmentation of the GFP 
does not help with nonimaging detection methods such as fluorometry in cuvets 
or microliter plates or fluorescence-activated cell sorting (FACS). A different 
solution is to use reporter gene products that can enzymatically catalyze a large 
change in the fluorescence of substrates that can be loaded into intact, fully 
viable cells. For example, the bacterial enzyme ^-lactamase can be detected at 
levels as low as 60 pM in single mammalian cells (50 molecules per cell) with 
substrates loaded as membrane-permeant esters (83). 

Fusion Tag 

The most successful and numerous class of GFP applications has been as a 
genetic fusion partner to host proteins to monitor their localization and fate. The 
gene encoding a GFP is fused in frame with the gene encoding the endogenous 
protein and the resulting chimera expressed in the cell or organism of interest. 
The ideal result is a fusion protein that maintains the normal functions and 
localizations of the host protein but is now fluorescent. The range of successful 
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fusions is now much greater than previously tabulated (22). Not all fusions are 
successful, but the failures are almost never published, so it is difficult to assess 
the overall success rate. GFP has been targeted successfully to practically 
every major organelle of the cell, including plasma membrane (37, 84-87), 
nucleus (28,38, 87-92), endoplasmic reticulum (50,60,93), Golgi apparatus 
(93), secretory vesicles (39,94), mitochondria (28,89,95,96), peroxisomes 
(97), vacuoles (98), and phagosomes (99). Thus the size and shape of GFP 
and the differing pHs and redox potentials of such organelles do not seem 
to impose any serious barrier. Even specific chromosomal loci can be tagged 
indirectly by inserting multiple copies of Lac operator sites and decorating them 
with a fusion of GFP with the Lac repressor protein (100). In general, fusions 
can be attempted at either the amino or carboxyl terminus of the host protein, 
sometimes with intervening spacer peptides. However, the crystal structures of 
GFP (30, 3 1 ) show that the N- and C-terminii of its core domain are not far apart, 
so it might be possible to splice GFP into a noncritical exterior loop or domain 
boundary of the host protein. For example, residues 2-233 of GFP have been 
inserted between the last transmembrane segment and the long cytoplasmic tail 
of a Shaker potassium channel (100a). 

GFP AS AN ACTIVE INDICATOR 

The rigid shell in GFP surrounding the chromophore enables it to be fluorescent 
and protects it from photobleaching but also hinders environmental sensitivity. 
Nevertheless, GFPs that act as indicators of their environment have been created 
by combinations of random and directed mutagenesis. The pH sensitivity of 
certain mutants and their potential application to measure organellar pH have 
already been mentioned. It is possible to engineer phosphorylation sites into 
GFP such that phosphorylation produces major changes in fluorescence under 
defined conditions (AB Cubitt, personal communication). The engineered fu- 
sion of GFP within the Shaker potassium channel is the first genetically encoded 
optical sensor of membrane potential (100a). Depolarization causes at most a 
5% decrease in fluorescence with a time constant of approximately 85 ms, but 
both the amplitude and speed may well improve in future versions. But the most 
general way to make biochemically sensitive GFPs is to exploit fluorescence 
resonance energy transfer (FRET) between GFPs of different color. FRET is 
a quantum-mechanical phenomenon that occurs when two fluorophores are in 
molecular proximity (<100 A apart) and the emission spectrum of one fluo- 
rophore, the donor, overlaps the excitation spectrum of the second fluorophore, 
the acceptor. Under these conditions, excitation of the donor can produce emis- 
sion from the acceptor at the expense of the emission from the donor that would 
normally occur in the absence of the acceptor. Any biochemical signal that 
changes the distance between the fluorophores or relative orientation of their 
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transition dipoles will modulate the efficiency of FRET (101-103). Because 
FRET is a through-space effect, it is not necessary to perturb either GFP alone 
but rather only the linkage or spatial relationship between them. The potential 
utility of FRET between GFPs was the main motivation for the development of 
most of the mutations in Table 1 . The change in ratio of acceptor to donor emis- 
sions is nearly ideal for cellular imaging and flow cytometry because the two 
emissions can be obtained simultaneously and their ratio cancels out variations 
in the absolute concentration of the GFPs, the thickness of the cell, the bright- 
ness of the excitation source, and the absolute efficiency of detection. Because 
the sample need be excited at only one wavelength, which should preferentially 
excite the donor, FRET is ideal for laser-scanning confocal microscopy and 
FACS (103). FRET also causes changes in donor fluorescence lifetime and 
bleaching rate (104), but detection of those signals either requires much more 
sophisticated instrumentation or is destructive. 

Protease Action 

The simplest and first-demonstrated way to achieve and modulate FRET be- 
tween GFPs was to fuse a blue-emitting (class 6) GFP mutant (i.e. a BFP) to a 
phenolate-containing (class 2) green GFP via an intervening protease-sensitive 
spacer (41, 105). The broad emission spectrum of the donor BFP, peaking 
at 447 nm, overlaps fairly well with the excitation spectrum of the class 2 
GFP, peaking at 489 nm. Wild-type GFP would not be satisfactory, because 
the 383 nm used to excite the BFP would directly and efficiently excite the 
395-nm excitation peak of wild-type GFP even in the absence of FRET. The 
tandem fusion exhibits FRET, which is then disrupted when a protease is added 
to cleave the spacer and let the GFPs diffuse apart. Heim & Tsien (41) used 
P4-3 and S65C or S65T and a trypsin- or enterokinase-sensitive 25-residue 
linker, and achieved a 4.6-fold increase in the ratio of blue to green emissions 
resulting from protease action. Control experiments verified that the two GFPs 
were unaffected by the proteases at the concentrations used, so the spectral 
change reflected cleavage of the linker. Mitra et al (105) used BFP5 (F64M, 
Y66H) and RSGFP4 with a Factor Xa-sensitive linker and obtained a 1.9-fold 
increase in the analogous ratio. Although FRET-based assays for proteases are 
well known (106, 107), synthetic peptide substrates are limited in length and 
useful only in vitro. The special advantages of GFP-based constructs are that 
they could incorporate full-length protein substrates and could be expressed 
and assayed inside live cells or organisms. 

Transcription Factor Dimerization 

A static homodimerization of the transcription factor Pit-1 has been detected 
by coexpression of BFP-Pit-1 and GFP-Pit-1 fusions in HeLa cells. Homo- 
dimerization is inherently more difficult than heterodimerization to demonstrate 
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by FRET, because at most 50% of the complexes will combine BFP- and GFP- 
labeled proteins, while nonproductive BFP-BFP and GFP-GFP complexes will 
each account for 25% of the homodimers. Nevertheless, careful spectral anal- 
ysis indicated that homodimerization was detectable by FRET (108). Unfor- 
tunately, no modulation of the Pit-1 interaction or new biological conclusions 
were reported. 

Ca 2+ Sensitivity 

The first dynamically responsive biochemical indicators based on GFP are Ca 2+ 
sensors , independently developed almost simultaneously by Romoser et al ( 1 09) 
and by Miyawaki et al (50). Romoser et al linked commercially available class 
6 BFP and class 2 GFP mutants with a 26-residue spacer containing the calmod- 
ulin (CaM)-binding domain from avian smooth muscle myosin light chain ki- 
nase. This spacer allowed FRET to occur from the BFP to the GFP, perhaps 
because it was long and flexible enough for the two GFPs to dimerize. Addition 
of Ca 2+ -CaM disrupted FRET, presumably by binding to and straightening the 
linker so that the two GFPs were unable to dimerize. Such binding of Ca 2+ - 
CaM decreased the 505 nm emission by 65% and the ratio of 505- to 440-nm 
emissions by sixfold in vitro, an impressive spectral change for a reversible 
conformational change less drastic than proteolytic cleavage. The bacterially 
expressed recombinant protein was then microinjected into individual HEK- 
293 cells. In such intact cells, elevations of cytosolic free Ca 2 " 1 " produced 
much more modest decreases (5-10%) in 510-nm emission, which could be 
amplified to about 30% decreases if exogenous calmodulin was co-injected. 
Thus the response of the indicator in cells was limited by CaM availability, im- 
plying that the indicator is responsive to cellular Ca 2+ -CaM rather than Ca 2+ 
per se. Because the heterologously expressed protein had to be microinjected, 
the unique ability of GFP to be continuously synthesized by the target cell was 
not exploited, and only cytosolic signals could be monitored. 

Miyawaki et al (50) fused BFP or class 5 cyan-fluorescent protein (CFP) to 
the N-terminus of CaM, and class 2 GFP or class 4 yellow-fluorescent protein 
(YFP) to the C-terminus of M13, the CaM-binding peptide from skeletal mus- 
cle myosin light chain kinase. The CFP-CaM and the Ml 3- YFP could either 
be fused via two glycines (in which case all four protein domains were joined 
into a 76-kDa tandem chimera) or left separate. In either case, binding of Ca 2+ 
to the CaM caused it to grab the M 13, thus increasing FRET, the opposite 
spectral effect from that of Romoser et al (109). By using GFPs with mutations 
to optimize mammalian expression, the indicators were bright enough to be 
introduced into cells by DNA transfection rather than protein microinjection. 
Because the four-domain chimeras were expressed in situ, they could readily be 
targeted to organelles such as the nucleus or endoplasmic reticulum by addition 
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Table 3 Advantages and disadvantages of GFP-based Ca 2+ indicators 8 
Advantages 

Applicable to nearly all organisms; no need for ester permeation and hydrolysis 
Can be targeted to specific tissues, cells, organelles, or proteins 
Unlikely to diffuse well enough to blur spatial gradients 
Modular construction is readily modified/improved by mutagenesis 
Good optical properties: visible excitation, emission ratioing, high photostability 
cDNAs or improved sequences are cheap to replicate and distribute 
Should be generalizable to measure many bioactive species other than Ca 2+ , 
as long as a conformational! y sensitive receptor is available 

Disadvantages 
Gene transfection required 

The maximum change in emission ratio is currently less than for small-molecule dyes 

The binding kinetics are somewhat slower 

The CaM or M13 might have some additional biological activity 

*GFP, green fluorescent proteins. 



of appropriate targeting sequences. Ca 2+ affinities were readily adjustable by 
mutation of the CaM. Thus free Ca 2+ concentrations in the endoplasmic retic- 
ulum were measured to be 60-400 /aM in unstimulated cells, decreasing to 
1-50 /zM in cells treated with Ca 2+ -mobilizing agonists. Advantages and dis- 
advantages of the GFP-based Ca 2+ indicators (called cameleons) compared to 
conventional Ca 2+ indicators are summarized in Table 3. 

The constructs with separate CFP-CaM and Ml 3- YEP proved that FRET 
between GFP mutants can dynamically monitor protein-protein interaction in 
single living cells. Binding of the two host proteins to each other brings their 
fused GFPs into proximity and enhances FRET. By comparison the mech- 
anism of Romoser et al (109) requires that mutual binding must substan- 
tially change the distance between N- and C-terminii of at least one of the 
partners. 

In principle the use of FRET offers some major advantages and disadvantages 
over other current methods for detecting protein-protein interaction (Table 4). 
The most unique advantages are the spatial and temporal resolution and the 
ability to observe the proteins in any compartment of the cell. The biggest dis- 
advantage is that even in the absence of any protein interaction, a substantial 
background signal is present when illuminating at the donor's excitation max- 
imum and observing at the acceptor's emission maximum. This background 
signal arises because the donor emission has a tail that extends into the accep- 
tor's emission band, and the acceptor excitation has a tail that extends into the 
donor's excitation band. For these reasons v . FRET is probably not a suitable 
method for detecting trace interactions or fishing for unknown partners but 
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Table 4 Advantages and disadvantages of FRET between (GFPs) to monitor protein inter- 
actions. 

Advantages 

Works in vitro and in living mammalian cells, not just yeast 
Can respond dynamically to posttranslational modifications 
Has high temporal (milliseconds) and spatial (submicron) resolution 
Interacting proteins can be anywhere in the cell and do not need to be sent to nucleus 
Degree of association can be quantified, if 0% and 100% binding can be established in situ 
Efficiency of FRET at 100% complexation gives some structural information 
Disadvantages of intermolecular FRET 
Must express fusion proteins, in which host protein and GFPs must both remain functional 
If GFPs are too far from each other (»80 A) or unluckily oriented, FRET will fail 
Even with no association, spectral overlap contributes some signal at the FRET wavelengths 
Trace or rare interactions will be hard to detect 

Need negative and positive controls, i.e. reference conditions of 0% and 100% association 
Homodimerization is more difficult to monitor than heterodimerization 



is best used at a later stage when the two host proteins are molecularly well 
characterized and the detailed spatiotemporal dynamics of their interaction is 
to be determined in live cells. 

What Are the Best FRET Partners ? 

The efficiency of FRET is given by the expression Rg7(R|j + r 6 ), where r is the 
actual distance between the centers of the chromophores and Ro is the distance 
at which FRET is 50% efficient. Rq depends on the quantum yield of the donor, 
the extinction coefficient of the acceptor, the overlap of the donor emission and 
acceptor excitation spectra, and the mutual orientation of the chromophores 
(102). The early attempts to obtain FRET between GFPs all used BFPs (class 
6 mutants) as donors and class 2 (phenolate anion) GFPs as acceptors because 
these were the first available pairs with sufficiendy distinct wavelengths. For 
such pairs, Ro is calculated to range from 40 to 43 A. However, the poor 
extinction coefficients, quantum yields, and photostabilities of the BFPs have 
convinced us (50) that cyan mutants (class 5) are much better donors. The 
acceptor correspondingly must become a class 4 yellow mutant so that its 
excitation spectrum overlaps the donor emission as much as possible, whereas 
the two emissions remain as distinct as possible. Combinations of cyan donors 
with yellow acceptors have Ro values of 49-52 A and are our currently preferred 
donor-acceptor pairs. So far, the highest value of Ro between two GFPs is 60 A 
for class 3 mutant H9-40 as donor to Topaz, but unfortunately these mutants' 
emission spectra are too close to each other for good discrimination. 

The above calculations have assumed that the GFPs are randomly oriented 
or tumbling with respect to one another, which is the conventional assumption 
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Table 4 Advantages and disadvantages of FRET between (GFPs) to monitor protein inter- 
actions. 
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Has high temporal (milliseconds) and spatial (submicron) resolution 
Interacting proteins can be anywhere in the cell and do not need to be sent to nucleus 
Degree of association can be quantified, if 0% and 100% binding can be established in situ 
Efficiency of FRET at 100% complexation gives some structural information 
Disadvantages of intermolecular FRET 
Must express fusion proteins, in which host protein and GFPs must both remain functional 
If GFPs are too far from each other (»80 A) or unluckily oriented, FRET will fail 
Even with no association, spectral overlap contributes some signal at the FRET wavelengths 
Trace or rare interactions will be hard to detect 

Need negative and positive controls, i.e. reference conditions of 0% and 100% association 
Homodimerization is more difficult to monitor than heterodimerization 



is best used at a later stage when the two host proteins are molecularly well 
characterized and the detailed spatiotemporal dynamics of their interaction is 
to be determined in live cells. 

What Are the Best FRET Partners? 

The efficiency of FRET is given by the expression Ro/(Ro + J" 6 ), where r is the 
actual distance between the centers of the chromophores and Ro is the distance 
at which FRET is 50% efficient Ro depends on the quantum yield of the donor, 
the extinction coefficient of the acceptor, the overlap of the donor emission and 
acceptor excitation spectra, and the mutual orientation of the chromophores 
(102). The early attempts to obtain FRET between GFPs all used BFPs (class 
6 mutants) as donors and class 2 (phenolate anion) GFPs as acceptors because 
these were the first available pairs with sufficiently distinct wavelengths. For 
such pairs, Ro is calculated to range from 40 to 43 A. However, the poor 
extinction coefficients, quantum yields, and photostabilities of the BFPs have 
convinced us (50) that cyan mutants (class 5) are much better donors. The 
acceptor correspondingly must become a class 4 yellow mutant so that its 
excitation spectrum overlaps the donor emission as much as possible, whereas 
the two emissions remain as distinct as possible. Combinations of cyan donors 
with yellow acceptors have Ro values of 49-52 A and are our currently preferred 
donor-acceptor pairs. So far, the highest value of Ro between two GFPs is 60 A 
for class 3 mutant H9-40 as donor to Topaz, but unfortunately these mutants' 
emission spectra are too close to each other for good discrimination. 

The above calculations have assumed that the GFPs are randomly oriented 
or tumbling with respect to one another, which is the conventional assumption 
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made in calculating Rq (102). If instead the mutual orientation of the two 
chromophores were the same as in the crystal structure for the wild-type dimer 
(31), the Ros would be about 72% of the previously calculated values, for ex- 
ample, 35-37 A for cyan-to-yellow FRET. For comparison, the actual distance 
r between the centers of the chromophores in the dimer is about 25 A, which 
would predict that FRET would occur with about 90% efficiency in such a direct 
heterodimer between cyan and yellow mutants. 

OUTLOOK FOR FUTURE RESEARCH 

Despite all that has been learned about how GFP works and how it can be 
exploited as a research tool, enormous challenges and opportunities remain. 
Listed below are some unanswered general questions about GFP that are among 
the most intriguing, excluding problems related to narrow applications in cell 
biology: 

Cloning of Related GFPs 

What are the genetic sequences and structures of GFP homologs from biolu- 
minescent organisms other than Aequoreal This information would illuminate 
the evolution of fluorescent proteins, reveal the essential conserved elements 
of the structure, and provide the genetic raw material for combinatorial mixing 
and matching to produce hybrid proteins with new phenotypes. Renilla GFP is 
the most obvious next cloning target, but even more bioluminescent organisms 
should be investigated. 

Protein Folding and Chromophore Folding 

We need to know much more about how GFP folds into its ^-barrel confor- 
mation and synthesizes its internal chromophore. Now that many of the steps 
have been kinetically resolved (23), the effect of mutations on each of the steps 
needs to be determined. The most informative mutants will not be the majority 
that completely prevent the formation of fluorescence, because those could act 
anywhere in the entire cascade including disruption of the final state. Instead, 
mutants or chaperonins that affect the rates but not the final extent of fluores- 
cence development are likely to be most valuable. The molecular mechanism, 
kinetics, and byproducts of chromophore formation by O2 are particularly crit- 
ical questions. 

Altered Wavelengths of Fluorescence 

Yet longer wavelengths of excitation and emission than are currently available 
from the class 4 (n -stacked phenolate) mutants (Table 1) would be useful for 
multiple labels and reporters and to serve as resonance energy transfer acceptors. 
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For example, an increase in excitation maximum to 540-550 nm would permit 
efficient energy transfer from terbium chelates, whose millisecond excited-state 
lifetimes make them useful as energy transfer donors (1 10). The 560-570 nm 
emission from such longer-wavelength GFP mutants would also be distinct 
enough from the standard class 2 (phenolate) mutants to make such green- 
orange pairs useful as FRET partners. Another approach to improving FRET 
would be to reduce the emission bandwidth of the class 5 (tryptophan-based) 
cyan mutants and thereby improve the quantitative separation of cyan and yellow 
emissions. Emission spectral alterations should be most easily screened by 
fluorescence-activated cell sorting (FACS). The chemical structure of the red 
fluorescent species formed by intense illumination in anaerobic conditions (58) 
must be determined as the first step in making this extraordinary photochemical 
reaction more general and useful. 

Altered Chemical and Photochemical Sensitivities 
The sensitivity of GFP spectra to environmental factors such as pH and past 
illumination is valuable if pH indication or photochemical tagging is desired 
but is a nuisance for most other applications. Therefore we need to understand 
the molecular mechanisms of such environmental modulations and to find mu- 
tations that enhance or eliminate those mechanisms. In many cases, it will 
be important to use screening methods that, unlike FACS, permit longitudi- 
nal comparison of individual cells or colonies before and after a chemical or 
actinic challenge. Digital imaging of colonies on plates (e.g. 1 1 1) is likely to 
be advantageous. 

Fusions Other Than at N- or C-Terminus 

Almost all fusions of host proteins with GFP have been simple tandem fusions 
in which the C-terminus of one protein is genetically concatenated to the N- 
terminus of the other. Because not all such fusions work, general rules are 
needed in order to predict when fluorescence will be intact and when host protein 
function will be preserved. Sometimes neither order of simple concatenation 
produces functional chimeras. Could splicing of GFP into the middle of the 
host protein be made easier and more general? It might be helpful to engineer 
GFP to move its N- and C-terminii as close to each other as possible, perhaps 
by addition of spacers or by circular permutation. 

Alternatives to Fluorescence 

Chromophores can be harnessed to perform many functions other than fluores- 
cence, such as phosphorescence (emission from the triplet state), generation of 
reactive oxygen species such as singlet oxygen or hydroxyl radical, and photo- 
chemical cleavage. Can GFP be engineered to do such tricks? Phosphorescence 
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typically gives lifetimes in microseconds rather than nanoseconds and there- 
fore permits exploration of protein dynamics on longer time scales. Controlled 
generation of singlet oxygen can be useful to polymerize diaminobenzidine 
locally into a polymer visible by electron microscopy, so that the location of 
fluorophores can be verified at ultrastructural resolution (112). Laser pulses 
can be used to kill proteins within a few nanometers of a suitable chromophore 
that generates hydroxyl radicals or other reactive species (113). Photochemical 
cleavage is the basis of important methods to produce sudden changes in the 
concentration of signaling molecules (1 14). These techniques would be revo- 
lutionized if their crucial molecules could be synthesized or at least localized 
in situ under molecular biological control, in the same way as GFR Of course, 
the rigid shell protecting the chromophore of GFP from the environment may 
intrinsically prevent even mutagenized GFPs from fulfilling such alternative 
functions, go that completely different proteins may need to be found or de- 
vised. Perhaps GFP will become just one prototype of a collection of genetically 
encoded, light-driven macromolecular reagents. 
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CREATING NEW FLUORESCENT 
PROBES FOR CELL BIOLOGY 

JinZhang*, RobertE. Campbell*, Alice Y Ting** and Roger Y.Tsien* 

Fluorescent probes are one of the cornerstones of real-time imaging of live cells and a 
powerful tool for cell biologists. They provide high sensitivity and great versatility while 
minimally perturbing the cell under investigation. Genetically-encoded reporter constructs 
that are derived from fluorescent proteins are leading a revolution in the real-time 
visualization and tracking of various cellular events. Recent advances include the continued 
development of 'passive' markers for the measurement of biomolecule expression and 
localization in live cells, and 'active' Indicators for monitoring more complex cellular 
processes such as small-molecule-messenger dynamics, enzyme activation and 
protein-protein interactions. 



PHOTOBLEACHING 
The irreversible destruction, by 
anyone of a number of different 
mechanisms, of a fluoro phone 
that is under illumination. 
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Our understanding of biological systems is increas- 
ingly dependent on our ability to visualize and 
quantify signalling molecules and events with high 
spatial and temporal resolution in the cellular con- 
text. Advances in fluorescence microscopy and the 
engineering of the green fluorescent protein (GFP) 
from Acquorca victoria into mutants with improved 
properties and altered colours have provided the 
basic tools that allow the investigation of more com- 
plex processes in live cells. The primary advantages 
of fluorescent protein-based indicators over simple 
organic dyes are that they can be designed to 
respond to a much greater variety of biological 
events and signals, targeted to subcellular compart- 
ments, introduced into a wider variety of tissues and 
intact organisms, and they very rarely cause photo- 
dynamic toxicity. This review highlights recent 
advances in the development of fluorescent probes 
for cellular applications, and focuses on those that 
can resolve spatial and temporal patterns through 
targeting to subcellular compartments. As the num- 
ber of successful genetically- encoded reporters 
increases, several design trends and considerations 
are becoming apparent (box i). We highlight the 
most versatile and modular of these designs as the 
blueprints for the construction of new and better 
reporters. 



Recent advances in fluorescent proteins 

New variants of green fluorescent protein. There is a con- 
tinuing effort to develop new GFP variants with altered 
excitation and emission wavelengths, enhanced bright- 
ness and an improved pH resistance relative to the origi- 
nal enhanced green (for example, S65T and EGFP), cyan 
(CFP), and yellow (YFP) variants 1 " 5 . From now on we 
refer to the entire class of A^ucrea -derived fluorescent 
proteins as AFPs, whereas we use 'GFP* to denote green 
members of that family. The newest colour in the AFPs 
is*CGFP; the Thr203Tyr mutant of CFP (where Thr is 
threonine and Tyr is tyrosine). CGFP has an excitation 
and emission wavelength that is intermediate between 
CFP and EGFP 2 . Despite its dimness and broad excita- 
tion and emission peaks, the remarkably pH-resistant 
CGFP might find a use in the labelling of acidic 
organdies. First-generation YFPs such as GFP-Ser65GJy/ 
Ser72Ala/Thr203Tyr 6 (where Ser is serine, Gly is 
glycine and Ala is alanine) were notorious for their sen- 
sitivity to pH, chloride fluctuations and photobleaching. 
A second-generation enhanced YFP (YFP-Val68Leu/ 
Gln69Lys; where Val is valine, Leu is leucine, Gin is 
glutamine and Lys is lysine) slightly improved acid 
resistance, but only in third -generation derivatives 
named 'Citrine' 1 ( YFP-Val68Leu/Gln69Met; where 
Met is methionine) and 'Venus' 4 (YFP-Phe46Leu/ 
Phe643Leu/Metl53Thr/Vall63Ala/Serl75Gly; where 
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Box 1 1 Considerations In designing and constructing AFP-based fluorescent reporters 

Choice of Aequorea fluorescent protein (AFP) variant(s) 

• For intermolecular fluorescence resonance energy transfer (FRET) based reporters (FIG. 5a), non-ottgomerizing cyan 
fluorescent protein (CFP) and yellow fluorescent protein (YFP) variants that incorporate the Ala206Lys mutation 
(where Ala is alanine and Lys is lysine) are strongly recommended. 

• For intramolecular FRET-based reporters (FIG. 5b), CFP should be paired with one of the latest generation YFPs such as 
G trine or Venus. Further improvements to monomelic red fluorescent protein (mRFP) should provide a new FRET 
partner for GFP. 

• For single-fluorophore conformation-sensitive reporters (FIG. 4), insertion at Tyrl45 (where Tyr is tyrosine), or the use 
of a circularly permuted AFP or YFP is recommended. 

Spectral response 

• The dynamic response range of the reporter must span physiologically relevant conditions. 

• A ratio metric response, as obtained from a FRET reporter, is preferable to a simple increase in fluorescence intensity. 

• For most reporter constructs, optimization of polypeptide Linkers between components of the reporter is crucial for the 
success of the construct or for maximizing the fluorescent response. 

Spatio-temporal resolution 

• Spatio-temporal resolution will be lost with a freely diffusing cytosolic reporter that responds slowly relative to the 
timescale of diffusion. 

• Genetic targeting to a compartment or anchoring to a subcellular structure can improve spatio-temporal resolution. 
Perturbation of intracellular conditions 

• Depending on the design strategy and the expression level, the introduction of the reporter might perturb the cellular 
component of interest or be toxic 

Specificity 

• The reporter must respond to only the stimulus of interest. 

• Genetic targeting can help increase biological specificity. 

Versatile molecular construction 

• Consideration of the available structural data can provide a rational basis for reporter construction. 

• Ideally, the design strategy should be transferable to other members of the same protein family and structural 
homologues. 



Phe is phenylalanine) has the chloride sensitivity 
been eliminated and the sensitivity to pH changes 
and photobleaching improved greatly. Specifically, 
Citrine remains 50% fluorescent at the lowest pH 
(5.7) that has been reported so far for a YFP and 
shows a twofold increase in photostability relative to 
YFP-Val68Leu/Gln69Lys ) whereas Venus is the bright- 
est and fastest maturing (with reference to the devel- 
opment of fluorescence) YFP so far. Unfortunately, 
simply transferring the crucial Gln69Met mutation of 
Citrine to Venus did not confer improved photostabil- 
ity 4 on Venus, and so there is not yet a single YFP that 
is superior for all applications. 

Fluorescent 'highlighters'. Fluorescent proteins that can 
be modulated photochemically are molecular 'high- 
lighters 1 that allow specific organelles or protein sub- 
populations to be marked by brief* localized, intense 
illumination and then tracked in space and time. Early 
versions showed only a modest contrast 7 or could only 
be used under anaerobic conditions 8,9 . A new YFP 
mutant, 'PA-GFP' (GFP-Vall63Ala/Thr203His; where 
His is mstidine) undergoes up to a 100-fold increase in 
fluorescence (excitation at 488 nm) when illuminated 
at 413 nm 10 . An even more spectacular fluorescent 
protein is *Kaede' from the stony coral Trachyphyllia 



geoffroyu which can be converted from a green to a 
stable red fluorescent protein by irradiation with 
3 50-400- nm tight 11 . This colour change corresponds 
to a 2,000-fold increase in the red to green ratio and 
allows both the irradiated and unirradiated species to 
be visualized separately with excitation wavelengths 
(475 and 550 nm) that do not cause any further colour 
change. At present, Kaede exists as a tetramer; if it can 
be mutated to a monomer, it should match or surpass 
PA-GFP in its ability to reveal the dynamic trafficking 
of fusion proteins. 

In addition to the photoenhancement of fluorescence 
described above, AFP fusions find use in fluorescence 
recovery after photobleaching (FRAP ) , fluorescence loss 
in photobleaching (FLIP), and fluorescence correlation 
spectroscopy (FCS) — other powerful techniques that 
can assess protein trafficking and mobility in live cells 
(for a review, see WEE 12). 

Limiting monomer-monomer interactions. The only 
instance when the weak tendency of AFPs to dimerize 
has been documented to cause artefacts or dysfunc- 
tion was in the clustering of lipid-anchored AFPs on 
the plasma membrane 1 '. At high concentrations, 
AFPs might interact with each other, which results 
in a false -positive interaction as determined by 
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Weak cfimer cfAequoma victoria GFP Monomeric GFP (mGFP) 



b 




Obligate tetramer of Discosoma RFP Monomelic RFP <mRFP1) 



Figure 1 j Recent advances In fluorescent proteins, a j Introduction of the A206K mutant in 
vAeguoraa fluorescent proteins (AFPs) suppresses their tendency to oirnenze. b | Several rounds 
of directed evolution and a total of 33 mutations were required to rescue the red fluorescence of a 
Discosoma red fluorescent protein (RFP) (DsRed or (jrfP583)-derived monomer following the 
introduction of interface-disrupting mutations. 



fluorescence resonance 
energy Transfer 
(FRET),The non-radiative 
transfer of energy from a donor 
Suorophore to an acceptor 
ftuorophore that is typically < 80 
A away. FRET will only occur 
between fluorop bores in which 
the emission spectrum of the 
donor has a significant overlap 
with the excitation of the 
acceptor. 

QUANTUM YIELD 
The probability of luminescence 
occurring in given conditions — 
expressed by the ralio uf ihc 
number of photons that an: 
emitted by the luminescing 
species to the number of 
photons that are absorbed 



FLUORESCENCE RESONANCE ENERGY TRANSFER (FRET). This ten- 
dency to dimerizc 14 - 1 ' can be reduced greatly or elimi- 
nated by mutating the hydrophobic amino acids that 
are in the dimerization interface to positively charged 
residues 13 . In AFPs, the effectiveness of these mutations 
increases in the order Phe223Arg < Leu221Lys < 
Ala206Xys (where Arg is arginine; FIG. la). It would now 
seem prudent to routinely use non-dimerizing mutants 
such as Ala206Lys when testing protein-protein inter- 
actions, or when AFP fusion proteins seem to be caus- 
ing mis-targeting or dysfunction". 

Long-wavelength red fluorescent proteins. Long- 
wavelength fluorescent proteins have long been sought 
for multicolour protein-tracking applications and for the 
construction of improved FRET-based reporters. Red flu- 
orescence should provide greater tissue penetration and 
better spectral separation from cellular autofluorescence 
than either yellow or green fluorescence. The first red flu- 
orescent protein (RFP) to be discovered was isolated from 
a coral of the Discosoma genus (this RFP is known as 
DsRed or drFP583) 16 and was received with much excite- 
ment, but its use has been limited severely by a number of 
problems. The DsRed protein requires incubation at 
37°C for more than 30 h for the red fluorescence to reach 
a steady-state level, and a significant fraction of the 



protein retains the green fluorescent 490-nm excitation 
peak that is associated with its 'GFP-like' intermediate. In 
addition, DsRed is an obligate tetramer that will almost 
certainly tetramerize any cellular protein to which it is 
fused 17 * 18 . If the fusion partner is a monomelic protein, 
tetramerization might not necessarily be detrimental, but 
if the partner has any tendency to oligomerize by itself, 
gross aggregation and precipitation of the fusion is likely. 
If aggregation does occur, one strategy that has proven 
successful for both hexameric connexin-43 (REF. 19) and 
dimeric thymidine kinase 20 fused to DsRed, is to co- 
express either the unfused or EGFP-fused target protein, 
but this approach requires the titration of co-expression 
levels and dilution of the desired red signal 

A more universal solution to the problem of 
oligomerization is to re- engineer the RFP using a com- 
bination of targeted and random mutagenesis to mini- 
mize the oligomerization and other limitations of 
wild-type DsRed 21-25 . The original commercially avail- 
able form of DsRed (known as DsRedl), which incor- 
porated mammalian codon- usage preferences, was 
replaced by DsRed2, which showed a 2-3-fold improve- 
ment in the speed of fluorescence maturation at 37°C 
and a diminished 475-nm excitation peak 22,26 . DsRed2 
has, in turn, been effectively superseded by T 1 , which 
reaches its full red fluorescence within tens of rninutes 23 . 
Tl is now commercially available as DsRed-Express 
(Qontech, Palo Alto, USA). The first effectively 
non-oligomerizing RFPs came with the development of 
red fluorescent tandem dimers, in which two dimer- 
forming subunits are concatenated with a spacer that 
allows them to satisfy their crucial dimer interactions 
through intramolecular contacts 24 * 27 . The most recent 
advance is the engineering of a completely monomelic 
DsRed variant (mRFPl ) that matures quickly, has no 
residual green fluorescence and excitation and emission 
wavelengths that are about 25 nra longer than the previ- 
ous DsRed variants 24 (FIG. lb). At present, mRFPl is 
probably the best starting point for the construction of 
red fluorescent fusion proteins, even though it sacrifices 
some quantum yield and photostabiiiry relative to the 
tandem dimer that is derived from DsRed (ref. 24). 

Findingmore fluorescent proteins. The search for new 
fluorescent proteins in coelenterate marine organisms 
has resulted in the discovery and cloning of approxi- 
mately 30 distinct fluorescent proteins, although all but 
a handful of these remain minimally characterized 2 ** 29 . 
Several of these proteins that deserve a special mention 
include: the dimeric Renilla mttUeri GFP, with its excep- 
tionally narrow excitation (498 nm) and emission (509 
nm) peaks 30 ; the DsRed homologues asFP595 (REF.31) 
from Anemonia sulcata and dsFP593 (REF. 32) from 
Discosoma, which were engineered for improved red 
fluorescence at 595 nm and 616 nm respectively; the 
dimeric but dim HcRed from Heteractis crispa> which 
was derived from a tetrameric non-fluorescent chromo- 
protein and emits at 618 run 2633 ; and finally eqFP61 1 
from Entacmaea quadrkolor, a tetrameric red fluorescent 
protein that emits at 61 1 nm and that can be dissociated 
to monomers at a high dilution 54 . 
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Non-fluorescent 
biarsenical dye 
(FteASH) as 
the EDT complex 



Tetracysteine peptide fused to 
protein of interest and 
expressed in live cells 



Fluorescent biarsenical- 
tetracysteirte complex 





Tetracysteine- 
comptex emission 
maximum (nm) 

Figure 2 1 The biarsenicaMtetracysteine system, a | Anon-fluorescent membrane- permeable 
biarsenical dye (ReAsH shown) forms specifically a fluorescent covatent complex wfth any 
Intracdllular protein to vrfiich a short tetracysteine- containing peptide (CCPGCQ has been 
gonettcafly fused. The small $ze of the biaraenicaJ dyes might be advantageous in those cases 
where a bulky Asquorea fuorescent protein (AFP) fusion dtsrupts normal protein function. The 
arsenical antidote ethanedithiol (EDT) is used to minimize the toxicity of any unbound 
biarsenical-dye. b | A comparison of the to-ecale images of the green fluorescent protein (GFP) 
and biarsenical-tetracysteine complex, o | Fluorescent biarsenical labels that span the visible 
spectrum have been synthesized. 



Recent advances In small molecule probes. 

Although GFP and its variants arc extremely useful for 
tracking the expression and localization of proteins in 
cells, small-molecule probes with less steric bulk, fester 
rates of labelling and the ability to provide readouts in 
addition to, or other than, fluorescence are desirable. 

The biarsenical-tetracysteine system. A promising alter- 
native to GFP is the biarsenical-tetracysteine system 
(FIG. 2a) in which a recombinant protein that is expressed 
in a living cell is site-specifically labelled with a mem- 
brane-permeable biarsenical dye, which can be blue, 
green or red fluorescent (FIG. 2c) 35 " 37 . The specificity for 
the labelling reaction is provided by a small tetracysteine 
motif (at present, CCPGCC is the preferred motif) — 
the nucleic acid sequence of which can be fused to the 
gene encoding the protein of interest The biarsenical dye 



and tetracysteine motif form a covalent complex in 
which each of the dye's arsenic atoms cooperatively binds 
a pair of cysteines. Toxicity is minimized by the adrninis- 
tration of 1,2-dithiols, for example ethanedithiol (EDT) 
— antidotes that protect endogenous pairs of cysteines 
and keep the dyes largely non-fluorescent until they find 
their ultimate tetracysteine targets. Nevertheless, at pre- 
sent, background staining keeps the sensitivity and the 
detection limit of this method to an order of magnitude 
or so worse than those of GFP. The other main limitation 
of this method is that the target cysteines must be in their 
reduced form before they can bind the biarsenical dye. 
Although this will generally be true for cysteine residues 
in the reducing environment of the cytosol or nucleus, 
cysteines that are in the lumen of the secretory pathway 
or outside cells tend to oxidize spontaneously and they 
can only be labelled if acutely reduced. 

Of the biarsenical dyes already characterized 37 (FIG. 2c), 
a resoru fin-based red label (ReAsH) is particularly use- 
ful as it can be used for both fluorescence and electron 
microscopy (EM). Under intense illumination in fixed 
samples, ReAsH catalytically generates singlet oxygen, 
which oxidizes diarnmobenzidine into a highly localized 
polymer, which is readily stained by osmium tetroxide 
for EM contrast So tetracysteine tags constitute geneti- 
cally targetable tags for EM that show catalytic amplifi- 
cation, but do not require the diffusion of large antibody 
molecules into fixed or frozen tissue 34 . 

Furthermore, sequential labelling with different 
biarsenical dyes can indicate the age of protein mole- 
cules. The tetracysteine motifs are labelled rapidly and 
saturably with one colour of a membrane-permeant 
biarsenical dye, such as green FlAsH (FIG. 2c), then any 
free dye is washed out and the live cells allowed to syn- 
thesize fresh unlabelled copies of the same tagged pro- 
tein. A final exposure of the protein to a biarsenical dye of 
a different colour, such as red ReAsH, labels only the 
newly synthesized copies. This approach was used to 
study the life cycle of connexin-43 as it was trafficked 
into and out of gap junctions (FIG. 3). Newly synthesized 
connexins (red) enter the gap junctional plaques from 
their outer edges while older molecules (green) are 
removed by endocytosis from the plaque centres. Varying 
the order and timing of FlAsH versus ReAsH adminis- 
tration can control whether ReAsH labels exocytic vesi- 
cles that carry new connexin molecules or endocytic 
compartments that contain old molecules, and thereby 
enables each population to be visualized separately 
by EM 38 . The conclusion that connexins move progres- 
sively from the periphery to the centre of gap junctions 
agrees with the work of Lauf ei ai 39 , who photobleached 
gap junctions that contained GFP- tagged connexins and 
observed that newly synthesized connexins formed a 
thin fluorescent halo that thickened with time. 

So, the biarsenical sequential labelling technique and 
photochemical marking overlap somewhat in their 
areas of applicability, and they can reach concordant 
conclusions. The biarsenical technique is unique in the 
small size of the tag and the ability to give EM as well 
as fluorescence images; the photochemically sensitive 
fluorescent proteins have better time-resolution, lower 
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Figure 3 1 Multicolour pulse-chase blarsenlcal staining of gap Juctlons. RAsH and ReAsH were used to label two 
temporally separated pools of connexin-43 that had been fused to a tetracysteine -containing peptide (Cx43-4Cys) and then 
junctional plaque renewal was recorded over time 38 . Hela cells that were expressing Cx4CMCys were stained with FIAsH, 
incubated for 4 h (a,b) or 8 h (c,d), and then stained with ReAsH. Panels a to d show junctional plaques at different stages of 
renewal, as indicated by the different ratios of FIAsH (green) and ReAsH (red) stains. The green central zones diminish as the time 
interval between RAsH and ReAsH staining Increases from 4 to 8 h. Scale bar represents 1 urn. Adapted with permission from 
rer 38 © 2002 American Association for trie Advancement of Science. 



The pH at which a molecule, or a 
particular site within a molecule, 
carries an ionixable H* 50% of 
the time. 



Proteins from blue-green algae 
and red algae that exhibit intense 
fluorescence owing to the 
presence of multiple bilin 
chromophorcs that are 
covaknthr attached to the 
protein. 



The core portion of a molecule 
that is directly responsible for 
absorbing photons. 
Oiromophores usually cuntain 
alternating single and double 
bonds. 



background levels and can be marked with geometrically 
defined spatial patterns. 

Antibody-hapten labelling. An alternative fluorescent 
dye-based labelling system consists of a single chain anti- 
body which binds specifically to membrane-permeant 
fluorescent conjugates of its phenyloxazolinone hapten". 
At present, because the antibody does not fold well in 
reducing environments, this system is best suited for 
use in secretory compartments and so has a comple- 
mentary preference to the biarsenical-tetracysteine 
system. Ultimately it would be desirable to increase 
the affinity of the antibodies for the hapten (now an 
approximately 5 nM dissociation constant), and the 
extent to which antibody binding enhances fluorescence 
(—5-fold at present). 

Avidin-biotin labelling. Another receptor-ligand pair 
that works best in the secretory compartment is the 
avidin-biotin pair, which is extremely popular for use in 
vitro and in histology, but has been surprisingly 
neglected in live cells. Chicken avidin that is expressed 
recombinantly in different compartments of the secre- 
tory compartment can trap biotin conjugates of fluores- 
ceins of various pjc^ values for the measurement of the 
pH values of those compartments, which enables 
the mechanism of pH regulation to be studied 41 - -43 . The 
availability of biotin conjugates and their extremely high 
affinity for avidin are advantages of this approach. 
Limitations include the tightly tetrameric nature of 
avidin and the essential role for biotin in the cytosol and 
mitochondria, such that avidin in these compartments 
is either toxic or biotm-sarurated 44 . 

Phycobiliproteins, Bilin-containing proteins are impor- 
tant antennae for photosynthesis in cyanobacteria 
and photoreceptor signalling in green plants. Because 
they can absorb light at wavelengths that extend to the 



infrared, significant efforts have been made to develop 
biliproteins as fluorescent fusion tags — this is despite 
their natural oligomeric structure and their require- 
ment for exogenous bilin co factors or co-expression of 
the additional enzymes that are required for biosynthesis 
of the cofactor. Heterologous expression of the cyano- 
bacterial truncated phytochrome 45 , C-phycocyanin 4 * 
and prrycoerythiocyanin 47 has been achieved The most 
promising class of these phyoo biliproteins is the homod- 
imeric phytofluors 48 , which have excellent spectral 
properties, can be engineered as monomers and would 
require the co-expression of as few as three proteins 15 . 

Uroporphyrinogen III methylation. Another fluorescent 
reporter system, which seems to have been overshad- 
owed by DsRed, is the recombinant uroporphyrinogen 
[II methyltransferase gene (cob A) 19 . The cobA reporter 
catalyses the trimethylation of endogenous uropor- 
phyrinogen III to generate a fluorescent small-molecule 
product that accumulates intracellularry. Although the 
cob A reporter system is not amenable to either sub- 
cellular targeting or the construction of fusion proteins, 
there could be certain cases in which its unique combi- 
nation of a red fluorescent emission, independence 
from any exogenous cofactor and catalytic signal ampli- 
fication will find a use. 

Passive applications of fluorescent proteins 

For most fluorescence imaging applications, the fluo- 
rescent label is a biologically inert participant that is 
used merely as a visible marker. By the very nature of 
their barrel-like structures (FIG. l), which effectively 
shield the chromophore from the external environ- 
ment, AFPs are well suited to these more passive 
applications. Typical passive uses of AFPs include 
monitoring the appearance, degradation, location or 
translocation of appropriate partner proteins to which 
they are fused. 
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Table 1 | Translocating fluorescent probes 
Domains Source proteins 

PH domain For example, Akt, ARNO, GRP1 



pH domain 
C1 domain 
C2 domain . 
PA domain 



PLC 
PKC 
?>KC[ 
RaM 



Target molecules-: ^15$, '^j 

3' phosphoinositides including 
Rdlnst3,4,5)P3 and PtdlnsO,^ 

mdih^ialF^arKJJraPj vffi;;' W 

DAG 

PA 
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Akt, a serine/threonine kinase, also known as protein kinase B; C1 andC2, conserved domains 1 and 2 from protein kinase C; ARNO. 
ADP-ribosytation factor nudeotide-bindlng-site opener; C1 , C homotogy-1 ; C2, C homotogy-2; DAG, Diacylojycerol; GRP1 , general 
receptor for 3-phosphdnositJdes; lnsP 3 , inositol 1 ,4,5- triphosphate; PA, phosphatide acid; PH, ptec^strin-hornotogy; PKC, protein 
kinase C; PLC. pnospholipase C; PtdlnspASFj, phosphatidylinositol 3,4,5-triphosphate; Ptdlns(4,5)P zl prx>sphatictyinositol 4,5- 
biphosphato ; Raf 1 , a serine/threonine kinase important in mitogen -activated signalling. 



FLUOROPHORE 

A chromophorc that can re-emit 
photons. 



Fluorescence as a spatial marker 

Perhaps the most popular application of fluorescent 
probes is to use fluorescence as a visible label to reveal 
either the static or dynamic spatial patterning of various 
cellular components. In 1995 it was still feasible to com- 
pile a nearly exhaustive list of AFP-fusion proteins 50 , 
however, the number of published AFP-fusion proteins 
has since risen to many hundreds, if not thousands, and 
compilation of an updated list is far beyond the scope of 
this review. 

Protein trap strategies. An interesting twist to the fluo- 
rescence imaging of intracellular localization is the iden- 
tification of previously unknown protein targets on the 
basis of their pattern of localization 51 . In the so-called 
'protein trap' strategies, a visual screen of cells that 
contain fusions of an AFP gene and a library of coding 
DNA sequences is used to identify cells that give rise to 
a pattern of interest The DNA sequence that encodes 
the targeted fusion can then be cloned directly from 
the cell and the novel protein, which is presumably 
directing the localization, can be identified. 

Fluorescent speckle microscopy. One particularly power- 
ful technique for monitoring cytoskeletal dynamics is 
fluorescent speckle microscopy 52,53 . A fluorescently 
labelled protein is introduced into a cell at a very low 
level (~ 0.25%) relative to its endogenous counterpart, 
such that individual fluorescently labelled proteins can 
be detected with a sensitive imaging system. The dynamic 
assembly and disassembly of the actin cyt a skeleton is 
shown by the 'flow' of the individual fluorescent speckles 
from regions of filament synthesis to regions of depoly- 
merization. In order to get enough signal from a single 
protein it is necessary to either attach multiple small- 
molecule labels or to fuse the gene encoding the protein 
of interest to multiple AFP sequences 54 . 

Localizing the messenger. When fused to minimal protein 
domains that interact specifically with small-molecule 
messengers, AFPs can provide a straightforward readout 
of the cellular localization and transient production of 
such messengers 5 *" 65 . For example, AFP that is fused to 
the pleckstrin-homology (PH) domain shows, through 
translocation from the general cytosol to the plasma 
membrane, the generation of 3'-phosphoinositides at 



the cell's leading edge on exposure to a chemoattrac- 
tant 58 * 59 . Other messengers, such as phosphatidic acid 
and diacyiglycerol (DAG), have been detected by similar 
methods (TABLE l). In one elegant study, the comparison 
of the kinetics of translocation of full-length protein 
kinase C (PKC) versus the individual DAG-binding Cl 
domain and the Ca 2+ -binding C2 domain led to a model 
for a sequential activation of PKC through a temporal 
coordination of the Ca 2+ and DAG signals 64 . 

Localizing gene activity and transcripts. RNA localization 
can be visualized in live cells through fluorescence in vivo 
hybridization (FIVH) 66 or fusion of AFP to an RNA- 
binding protein or domain* 7 "' 0 . Using the latter approach, 
researchers have visualized the movement of endogenous 
bicoid messenger RNA during Drosophila melanogaster 
oogenesis through the use of AFP fused to Exu, a protein 
which accompanies bicoid mRNA during transport 59 . In 
a separate study, imaging of live neurons mat were trans- 
fected with GFP-fused zipcode binding protein 1 (ZBP1) 
showed fast, bidirectional movements of granules in neu- 
rites, which can be inhibited by antisense oligonucleotides 
to the actin mRNA zipcode sequence 70 . Visualization of 
gene activity and changes in chromatin structure during 
transcription has also been achieved by creating large tan- 
dem arrays of DNA sequences (such astheiac operator or 
mouse mammary tumour virus promoter) that can be 
recognized with AFP-tagged DNA-binding proteins such 
as Joe repressor or glucocorticoid receptor 71 " 74 . 

Fluorescence as a temporal marker 

Analysing gene expression. AFPs are a favourable alter- 
native to p-galactosidase (lacZ) as a marker of gene 
expression in tissue sections and transgenic organ- 
isms, because AFPs are self-sufficient and form their 
own chromophores 75 . The main disadvantage of AFP 
relative to enzymatic reporter systems is the absence of 
signal amplification. Whereas AFP is limited to a sin- 
gle fluorophore for each protein, a single copy of 
p-galactosidase, luciferase or ^-lactamase 76 will cat- 
alyze the turnover of multiple substrate molecules, 
which allows much lower levels of gene expression to 
be detected. One approach to overcome this drawback 
is to target the AFP to a defined subcompartment of 
the cell and thereby use local contrast to distinguish its 
fluorescence from background autofluorescence. 
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Rgure 4 1 Biochemical modulation of AFP fluorescence. 

a | Aoquorea fluorescent protein (AFP) can be engineered to be 
directly sensitive to a small molecule of interest, b | Insertion of 
aconforrrationaily responsive domain into AFP can result in 
acrurnaera in which fluorescence is modulated by the 
ccxTformaticxial change, c | Altemath/eV, Interacting proteins 
(or peptides) can bo fused to the amino and carboxyl termini 
of circularly permuted AFP. 



The temporal history of the promoter activation is 
therefore reflected in the ratio between green and red 
fluorescence. Because the timescale of the fluorescent 
change is fixed and the resolution is restricted to several 
hours, this system will probably be most useful for the 
analysis of developmental control genes 78 in systems 
where the photochemicafly triggered green-to-red con- 
version of Kaede 11 or pulse-chase labelling of tetracys- 
teine motifs 3 *, which were discussed previously, cannot 
be applied. 

Analysing protein dynamics. Through the use of innova- 
tive fusion constructs, AFPs can report the temporal 
dynamics of cellular processes other than promoter acti- 
vation. For example, the accumulation and degradation 
of an AFP-based substrate has been used for the quan- 
tification of ubiquitb-proteasome-dependent proteoly- 
sis in living cells 79 . Another tactic, which has found a use 
in the monitoring of vesicular traffic and sorting in the 
secretory pathway, is based on temperature-sensitive 
GFP mutants that fold and mature correctly only at tem- 
peratures that are non-permissive for sorting events. By 
growing cells at such temperatures, a cohort of fluores- 
centiy tagged proteins can accumulate in the trans-Golgi 
network. On raising the temperature, both to allow sort- 
ing and to prevent folding of the newly synthesized 
GFPs, the fate of the fluorescent 'bolus* can be 
monitored 80 . This pulse-chase-type approach has been 
used recently to visualize specifically the dynamics of 
immature secretory granules in a much larger pool of 
mature secretory granules 81 . So the age and fete of pro- 
tein fusions can be monitored by spontaneously slow- 
maturing fluorescent proteins, temperature- or illumi- 
nation-sensitive fluorescent proteins or pulse-chase 
labelling by biarsenical ligands, all of which have their 
own advantages and drawbacks. 



Optimizing turnover. Increasingly sophisticated reporters 
have been developed to monitor the temporal patterns 
of gene expression and protein dynamics. A limitation 
of AFP and similar passive markers is that the new pro- 
tein cannot be distinguished from the old protein, as 
AFP remains fluorescent until it is degraded. 
Degradation can be accelerated by the fusion of AFP to 
degradation domains such as that of the mouse 
ornithine decarboxylase 77 , thereby destabilizing the 
fluorescent protein such that it is turned over with a 
half-life of 2 h or less. These destabilized AFP variants 
minimize the accumulation of the background fluores- 
cence that is generated by leaky, non-induced basal-level 
expression, which enhances their use as transcriptional 
reporters, albeit at the inherent cost of lower sensitivity 
— that is, a higher level of transcription and translation 
are required to produce a given level of fluorescence. 

A DsRed fluorescent timer. A 'fluorescent timer* version 
of DsRed has been developed as a temporal marker 71 . 
The variant changes from green to red fluorescent over a 
period of -24 h as the*GFP-like' intermediate that accu- 
mulates is converted to the final red species owing to 
a further oxidative modification of the chromophore. 



Genetically encoded biochemical sensors 

In the more active applications of fluorescent proteins 
that are described below, biochemical parameters 
such as metabolite concentrations, enzyme activity, or 
protein-protein interactions can be detected by their 
effects on the fluorescence properties of the designed 
indicators. Such indicators can be further divided 
into molecules with single chromophores (fig.4»-c) 
versus composites in which the emission intensity 
is dependent on the energy transfer between two 
chromophores (FlG.5a.b). 

Modulation of fluorescent protein spectra 

Exploiting pH and halide-sensitive fluorescent proteins. 
In general, the fluorescence of AFPs is quenched 
reversibly by moderate acidification. This intrinsic pH 
sensitivity varies between different mutants and can 
be exploited to measure the ambient pH* 2-8 *. Both 
intensity-modulated and ratiometric pH-sensraVe vari- 
ants of GFP have been engineered and fused to a vesicle 
membrane protein to monitor vesicle exocytosis and 
recycling. These 4 synapto-pHluorins' report synaptic 
neurotransmitter secretion by detecting the abrupt 
pH change that occurs when the acidic interior of the 
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figure 5 1 The general design of FRET-based fluorescent probes, a | An htermotecular fluo.-Bscence resonance energy transfer 
{FRET)-based probe consists of two different proteins (X and Y) thai are labelled with cyan fluorescent protein (CFP) and yellow 
fluorescent protein (YFP), respectively, which interact and bring the fluorophores into dose proximity, thereby increasing the FRET 
efficiency, b | An intramolecular FRET-based probe consists of either acieavable Bnker or a ocnforrnationafly responsive region 
sancMrcned between a FRET pair, c | Cameieon is an intramolecular FRET-based probe that is usea to measure intracellular Ca 2 *. 
d | Intramolecular prrasorrarylation-sensitive FRET probes have been constructed with specificitiea for various different kinases. 
Arg, arginine; CaM, calmodulin; Lys, lysine; pS, phosphoserine; pT, phosphothreonine; pY, phospnotyrosine. Figure 5, part c is 
reprinted with permission from REE m Nature © (1997) MacrniHan Magazines Ltd. Figure 5, part d (s reproduced with permission 
from refs 1 16,118© 2002, National Academy of Sciences. 



vesicle (pH -5) is exposed to the outside of the cell 
(pH ~7) on fusion to the plasma membrane* 4 . Some 
YFPs have particularly high pKs in the range of 7 to 8, 
which makes them very useful for monitoring the pH of 
the cytosol and the mitochondrial matrix 15 . These same 
YFPs are quenched by halide ions, which bind selectively 
in the order F" > I" > Cl~ > Br" and raise the pJC, which 
simulates acidification 86,67 . The haltde-sensitive YFPs 
have been used in live cells to monitor Or fluxes such as 
those mediated by the cystic fibrosis transmembrane 
conductance regulator (CFTR) 88 . Although the above 
indicators only change the intensity of fluorescence, 
examples of vravelengm-shifong pH 89 and halide 90 indi- 
cators are also known. The responsiveness of YFPs to 
both protons and halides means that care has to be 
taken to disentangle the two perturbations. Sensitivity to 
pH and CI" can be a significant annoyance in applica- 
tions where the YFP is to only be maximally fluorescent 
and inert (as in the passive applications discussed 
above). Fortunately, alternative YFPs with reduced pKs, 
no halide sensitivity and increased brightness and 
photostabflity are now available 3,4 . 

Engineering fluorescent proteins to be sensitive to 
other parameters. The fluorescence of fluorescent pro- 
teins can be made directly sensitive to other signals 
by the introduction of specific mutations into the 
well-defined chromophore or barrel structure. A blue 



fluorescent protein (BFP) has been engineered, by the 
introduction of point mutations, to bind Zn 2+ directly 
on the chromophore", but the modest fluorescence 
enhancement (twofold), low Zn 2+ affinity (50 UM 
and slow association rate (t 1/2 > 4 h) would need con- 
siderable improvement to become biologically useful. 
YFPs" and GFPs (G. T. Hanson, R. Aggeier, R. A. 
Capaldi, and S. J. Remington, unpublished observa- 
tions) that are responsive to thiol-disulphide redox 
potentials have been engineered by placing two cysteine 
residues on adjacent p-strands so that they can form a 
reversible intramolecular disulphide bond. Such oxida- 
tion reduces the fluorescence of the YFP-based sensor 
by 2.2-fold* 2 , whereas it shifts the excitation maxima of 
the GFP-based sensors from 475-490 run to 400 nm, 
which alters the excitation ratio by as much as 6-8-fold. 
Such indicators hold great promise, because, at present, 
the redox potentials of different compartments of cells 
are difficult to measure, but they are probably very 
important, heterogeneous and at least somewhat 
dynamic. 

Most other biochemical parameters would require 
binding or sensing sites that are more complex than those 
created by point mutations in AFPs. Conformationally 
responsive elements, which range from short peptide 
motifs to full-length proteins, can be inserted into 
AFPs. The best-characterized example is the insertion of 
calmodulin (CaM) in place of Tyrl45 of YFP, which 
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results in Ca 2f sensors (known as camgaroos) that 
increase fluorescence sevenfold on binding of Ca 2+ 
(REFS 3.93). Camgaroos have proved to be useful for imag- 
ing Ca 2+ inside mitochondria^ and in mushroom bodies in 
the brain of Drosophila 9 *. 

An important topological variation of this is to insert 
an AFP inside a conformationally responsive protein or 
pair of protein domains. An early example was a voltage 
sensor that consisted of AFP inserted into a non- 
conducting mutant of the Shaker K + channel 96 . More 
recently a smaller but faster response has been obtained 
by inserting wild- type GFP into a sodium channel 97 . 
Even larger responses might be obtained by inserting a 
circularly permuted AFP (cpAFP) rather than wild-type 
GFP 3,93 . In a cpAFP,the original amino and carboxyl 
termini are joined by a flexible linker, and new amino 
and carboxyl termini are introduced at one of several 
possible locations near the chromophore. Such permu- 
tation increases the flexibility and optical responsiveness 
to stresses that are applied on the new termini Insertion 
of circularly permuted GFP (cpGFP) between CaM 
and Ml 3 (a peptide which binds calmodulin in a 
Ca 2+ -depeodent fashion) yields Ca 2+ indicators that are 
known as GCaMP M or pericams". The inclusion of 
Ml 3 increases the apparent Ca 2+ affinity of the CaM by 
allowing the formation of ternary complexes, so that 
these molecules are more sensitive than camgaroos to 
small elevations in physiological levels of Ca : \ Some 
pericam variants shift their excitation wavelengths on 
binding of Ca 2+ , as opposed to just increasing fluores- 
cence, which thereby enables ratiometric observation 99 . 

Intramolecular FRET-based indicators 

FRET is a quantum-mechanical phenomenon that 
occurs when two fluorophores are in molecular proxim- 
ity of each other (< 80 A apart) (BOX 2). The emission 
spectrum of the donor fluorophore should overlap the 
excitation spectrum of the acceptor fluorophore, but 
both excitation spectra should be well enough separated 
to allow independent excitation. When the stoichiometry 
of the donor and the acceptor is fixed, as it is when they 
are fused in a single polypeptide chain, then the experi- 
mentally most convenient readout of FRET is the ratio of 
acceptor to donor fluorescence. Many reporters that are 
designed on the basis of intramolecular FRET changes 
(fig. sb) have been developed for measuring biochemical 
events in cells. Early applications used BFP as the donor 
and GFP as the acceptor, but the dimness and ability of 
BFP to be bleached soon led to its replacement by CFP, 
whereupon GFP had to be replaced by YFP to maintain 
spectral separation. When monomeric RFPs have been 
optimized sufficiently, GFP-RFP will probably become 
the next donor-acceptor pairing of choice. 

Indicators of protease activity. The earliest FRET 
reporters consisted of BFP and GFP fused together with 
a protease-sensitive linker. Proteolysis disrupts FRET by 
separating the donor and acceptor units 100,101 . More 
recent examples have used CFP and YFP to measure 
caspase activity during apoptosis 103 - 103 , which includes 
all-or-none activation at the single-cell level 10 *. 



Indicators for measuring changes in calcium. Genetically 
encoded Ca 2+ indicators, which are known as cameleons, 
were constructed by sandwiching CaM, a peptide 
linker and M 13 between CFP and YFP 3,105 " 107 (FIG. 5c). 
Increased levels of intracellular Ca 2+ switches on the 
affinity of CaM for the adjacent M 13 sequence, which 
results in a change in orientation or distance between 
the two fluorescent proteins and a large increase in 
FRET. The replacement of glutamate by glutamine 
residues in the Ca 2+ -binding sites tunes the effective 
affinity for Ca 2+ . The replacement of Ml 3 by a peptide 
that is derived from CaM -dependent kinase kinase 
produces a cameleon analogue with a larger, although 
somewhat slower, response than the traditional 
cameleons 108 . Levels of free intracellular CaM-Ca 2+ 
complex can be sensed by reporters in which the 
donor and acceptor are connected by just a CaM- 
binding peptide lM,1,0 f but in this case the binding 
of CaM straightens the peptide linker and so 
decreases FRET. 

Indicators for other cellular parameters. Over the past 
few years, this principle of indicator design has been 
applied to visualize the behaviour of many other sig- 
nalling molecules and proteins in cells. For example, 
indicators for cGMP (using cGMP-dependent protein 
kinase) 11 1,1 12 , Ras and Rapl activity 113 , and Ran activ- 
ity 1 14 have been constructed and applied to the study of 
a range of cell biological phenomena. 

Reporters for the activity of tyrosine kinases 1 15-1 17 
and serine/threonine kinases 118 have been made by 
sandwiching a substrate peptide for the kinase of 
interest and a phosphoaminoacid-binding domain, 
such as Src- homology- 2 (SH2) or 14-3-3, between 
CFP and YFP (fig. M). Phosphorylation of the substrate 
peptide induces the formation of an intramolecular 
complex with the neighbouring phosphoaminoacid- 
binding domain, which changes the FRET. This 
generic concept has been adapted to create probes for 
Abl, Src, the epidermal growth factor (EGF) receptor, 
insulin receptor, protein kinase A (PKA), and PKC, 
( J. D. Violin, J. Z., R.Y.T,, and A. C. Newton, unpub- 
lished observations) with many more underway. The 
FRET change is usually reversed by phosphatases, so 
the fluorescent substrates report continuously the bal- 
ance between kinase and phosphatase activities, with 
time resolution in the order of a few seconds and a 
spatial resolution of micrometres — far better than 
conventional assays with radioactive phosphorus or 
phospho-specific antibodies. Even finer spatial dis- 
crimination is possible if the reporters are fused to 
specific components of scaffolding molecules. So 
phosphorylation kinetics can differ significantly between 
sites that are indistinguishable at the resolution of the 
light microscope 1 15 . 

A FRET-based reporter of membrane potential 
exemplifies a slightly different topology, in which the 
voltage sensor, a truncated potassium channel, is placed 
amino terminal to both the CFP and YFP 119 . Voltage- 
dependent twists of the S4 channel helix are proposed 
to rotate the CFP with respect to the YFP. 
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FLUORESCENCE LIFETIME 
IMAGING MICROSCOPY 
{FLIM}. An imaging technique 
in which the lifetime, rather than 
the intensity, of the fluorescent 
signal is measured. This 
approach can be used to 
measure FRET. 



Ifitermotecular FRET-based indicators 

Indicators for cyclic AMP. The first fluorescent indicator 
for intracellular cAMP consisted of the PKA holo- 
enzyme, in which the catalytic and regulatory subunits 
were labelled with fluorescein and rhodamine, respec- 
tively, so that cAMP- induced dissociation of the holo- 
enzyme disrupted FRET 1 ". Replacement of the dyes by 
BFP and GFP made this system genetically encodable 
and eliminated the need for in vitro dye conjugation and 
microinjection 121 . Application of this probe (with CFP 
and YFP replacing BFP and GFP) in cardiac myocytes 
showed an unusual compartmentalization of cAMP m , 
whereas cAMP diffused freely in other cell types such as 
neurons 125 - 124 . 

Detecting protein-protein interactions, Intermolecular 
FRET can be used in real-time to detect interactions 
between two protein partners (Fig. 5a). Transcription 
factor homo- and heterodimerization 125 ' 126 , G-protein 
dissociation 137 and many other interactions 12 *" 134 have 
all been visualized in live cells through the attachment 
of donor and acceptor fluorophores to interacting 
protein partners. 

Protein-protein interactions can also be imaged by 
protein complementation assays, in which the poten- 
tial partner proteins are fused not to FRET donors and 
acceptors but to complementary fragments of GFP 135 , 
YFP' 36 , or other fluoro genie reporters 1371 ", the most 
recent of which is p-lactamase 13944tt . The interaction of 
the partner proteins allows the two fragments to 
reconstitute the fluorescence or enzymatic activity, 
which is analogous to yeast two -hybrid assays in 
which transcriptional activation is reconstituted. 
Protein complementation assays generally have a 
much lower background and a greater dynamic range 
than those of FRET. When the reconstituted protein is 
an enzyme, its ability to catalyse the turnover of sev- 
eral copies of a substrate provides useful amplifica- 
tion, but it sacrifices subcellular spatial resolution if 
the reaction product is diffusible. However, FRET is 
instantaneous, fully reversible (that is, it monitors dis- 
sociation as well as association), has a well -character- 
ized dependence on distance (BOX 2) and orientation, 
does not require the partner proteins to touch each 
other and contributes no attraction or repulsion of its 
own, provided that non-dimerizing fluorescent pro- 
teins are chosen 13 . Protein complementation takes 
from minutes to hours for the fragments to fold, 
reversibility is absent or uncertain and the require- 
ments on the conformation and affinity of the partner 
proteins are quantitatively ill-defined except that 
they must bring the two reporter fragments into the 
correct juxtaposition. 

Notes of caution. When the FRET donor and acceptor 
are in two separate molecules rather than a fused chi- 
maera, the involvement of mixed complexes between 
labelled and endogenous partners becomes a greater 
concern, and the ratio of donor to acceptor expression is 
no longer fixed. FRET can no longer be assessed by 
exciting the donor and measuring the ratio of emissions 
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in the donor and acceptor bands. More sophisticated 
methods such as the mathematical processing of three 
images 141 " 144 , measuring donor dequenching on photo- 
bleaching the acceptor 1V07,l26,l3 °, or fluorescence-lifetime 
imaging microscopy (FLIM; see below) are required to 
show and quantify FRET. 

Intermolecular FRET can suffer from false nega- 
tives when the donor and acceptor fluorescent proteins 
are: perturbing the proteins to which they are fused; in 
close proximity but orientated unfortunately with 
respect to each other; too far away from each other 
even when their fusion partners are interacting. 
Concern over false negatives has probably been the 
main reason why intermolecular FRET has been used 
mainly to obtain higher spatio-temporal resolution on 
known interactions rather than to screen proteomes 
for unknown interactions. False positives could result 
from the weak affinity (K d - 0. 1 mM) of AFPs for each 
other, but the only known example is when CFP and 
YFP were anchored to the plasma membrane by fatty 
acyl anchors, in which case the confinement to a sur- 
face probably raised the effective concentration consid- 
erably 13 . After the dimerization was eliminated by the 
monomerizing mutations described above, correlation 
of FRET efficiency versus YFP density showed that in 
living cells acyl, but not prenyl, modifications promote 
clustering in lipid rafts on the cytosolic face of the 
plasma membrane". 
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FLUORESCENCE-ACTIVATED 
CELL SORTING 
(FACS). A flow cytometry 
application in which lire 
fluorescent cells ore excited at a 
specific wavelength and then 
sorted into physically separated 
subpopulations on the basis of 
their fluorescence emission. 

POSITRON EMISSION 

TOMOGRAPHY 

(PET). Positron emission 

tomography is an imaging 

technique that is used to detect 

decaying nuclides, such as "O, 

l> H"C l »F,"nand» 4n Tc 

MAGNETIC RESONANCE 
IMAGING 

The use of radio waves in the 
presence of a magnetic field to 
extract information from certain 
atomic nuclei (most commonly 
hydrogen, for example, in 
water). This technique is used to 
show certain types of tissue 
damage and the presence of 
tumours. 



Fluorescence-lifetime imaging microscopy. Autophos- 
phorylation of GFP-tagged PKC 1 * 5 or ErbBl (REE H6) 
has been measured by the FRET to Cy3-labeUed phos- 
phospecific antibodies, which were micro injected or 
applied to fixed cells and present in excess. When the 
acceptor is in such a large excess, FRET is best detected 
by the decrease in the lifetime of the donor's excited 
state using FLIM. FLIM and measurements of fluores- 
cence depolarization allow the imaging of FRET 
between spectrally similar AFP molecules — that is, 
GFP-YFP or even GFP-GFP" 7 . The main drawbacks of 
FLIM are that it sacrifices some sensitivity 134 and 
requires the assembly of expensive instrumentation. 

Future directions 

The applications of fluorescent probes will continue to 
expand and provide exciting new insights into the biol- 
ogy of living cells. Several relatively versatile reporter 
design strategies are now at our disposal (for example, 
translocation, camgaroo-, pericam- and cameleon-like 
strategies), but efforts to engineer new fluorophores and 
reporter classes must continue. For example, brighter 
and more red- shifted fluorescent proteins should 
improve the detection limits and in vivo applicability of 
AFP-based reporters. At present, all single AFP and 
FRET-based sensors rely on a gross structural reorgani- 
zation or conformational change to produce a spectral 
readout. Many interesting intracellular process involve 
subtle conformational changes that are not amenable to 
the current classes of reporters, so that fluorescent 
protein variants with an increased sensitivity towards 
structural perturbations would be desirable. Another 
important consideration is that many of these fluores- 
cent probes, in particular those for monitoring 
protein-protein interactions, function as surrogate 



cellular players. Visualization of their activities comple- 
ment, but do not replace, measurements of endogenous 
components. Reporters that could assay endogenous 
biomolecules directly would therefore be very desirable. 

Single-cell imaging with fluorescent reporters 
should allow the investigation of potentially interest- 
ing cell-to-cell variability that cannot be observed by 
the available methodologies that are based on cell pop- 
ulation analysis 122 . Fluorescence is also an attractive 
readout for rapid, high-throughput approaches 
because of the availability of technologies such as 
multi-well plate readers, fluorescence- activated cell 
sorting (FACS) and evanescent wave single-cell array 
technology (E-SCAT) 63 . 

Single-molecule spectroscopy is a young field that 
holds great promise. Single-molecule imaging in living 
cells allows the visualization of individual molecular 
interactions under physiological conditions and pro- 
vides information that is difficult, and sometimes 
impossible, to obtain by conventional techniques 148 . 
Examples of single- molecule studies in living cells 
include investigations of EGF receptor dimerization 149 , 
conformational changes in voltage-gated ion channels 150 
and the mobility and aggregation of L-type Ca 2 * chan- 
nels in the plasma membrane 151 . 

For whole-body in vivo imaging, AFP has been used 
mainly as a visible localization marker 152 and a gene- 
expression marker 153 . Given the available wavelengths of 
excitation and emission, AFP imaging is still limited to 
surface structures (with a depth of penetration of 
approximately 1-2 mm) in experimental animals. A 
new generation of highly sensitive near infrared probes 
needs to be developed to complement existing non- 
optical probes for positron emission tomography (PET) 
and magnetic resonance imaging (MRI). 
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